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ABSTRACT

Multiple sclerosis (MS) is a demyelinating disease of the 
central nervous system (CNS) characterized by phagocytosis and 
degradation of myelin by macrophages in active plaques. 
Macrophages and microglia, the resident macrophage in the CNS, 
have been characterized by quantitative immunocytochemistry and 
histochemistry in relation to stages in the evolution of the MS 
plaque. Active MS plaques have been classified into four groups 
based on the degree of myelin loss and the neutral lipids within 
phagocytes.

In Group 1 active plaques, defined as early lesions with 
neutral lipid-containing phagocytes but no detectable myelin 
loss, the predominant cell type expressing HLA class II-DQ as 
well as HLA-DR and mature macrophage antigen 25F9 was the 
microglia, identified by a microglial enzyme marker nucleoside 
diphosphatase. These cells also contained fragments displaying 
neoepitopes of myelin basic protein (MBP) and exhibited moderate 
acid phosphatase but not nonspecific esterase, a 
monocyte/macrophage enzyme marker. With partial or complete 
myelin loss in lesions, active plaques were further classified 
as Groups 2, 3 and 4, respectively, in which the number of
macrophages expressing nonspecific esterase and macrophage 
differentiation antigens Ber-MAC3, RFD7 and RM3/1 increased. 
These observations provide new evidence that microglia activation 
occurs early in the course of the disease, and suggest that 
haematogenous macrophages infiltrate MS plaques at à later stage 
in their evolution.

In order to study macrophage phenotypes in the cerebrospinal 
fluid (CSF) a method has been developed to prepare CSF cells for
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cryostat sectioning to enable analysis of multiple markers on 
samples with low cell numbers. Macrophages in the CSF from 
either the subarachnoid space or ventricles of postmortem MS and 
normal control cases exhibited the phenotype of mature 
macrophages (25F9+, RM3/1'*’ and Ber-MAC3+) to a greater extent 
than monocytes in peripheral blood. A similar pattern was 
observed in living patients with MS or other neurological 
diseases. In postmortem MS cases, the number of lipid-laden 
macrophages in the ventricular CSF was significantly higher than 
in the subarachnoid space or the ventricles of normal controls. 
There was a positive correlation between the number of lipid
laden macrophages in the ventricles and the number of active 
plaques from the same case, suggesting an association between the 
two compartments.

Focal loss of endothelial alkaline phosphatase activity and 
the presence of plasma low density lipoprotein (LDL) in Group 1 
active plaques and inflammatory foci of acute experimental 
allergic encephalomyelitis in Lewis rats are indicative of blood- 
brain barrier damage. The co-localization of epitopes of 
oxidized LDL and MBP peptides within a proportion of lipid-laden 
macrophages in early active MS plaques suggests that uptake of 
both LDL and myelin contributes to foamy macrophage formation and 
may be of significance in the pathogenesis of MS.
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CHAPTER 1 

INTRODUCTION

1.1 MULTIPLE SCLEROSIS

Multiple sclerosis (MS) is a major neurological disease 
in young and middle-aged adults in Europe and the prevalence 
in the United Kingdom is at least 80 per 100,000 population, 
but the etiology of this disease is unknown (McKhann, 1982; 
Martyn, 1991). It is an inflammatory disease of the central 
nervous system (CNS), characterized by inflammatory cell 
infiltration and localized myelin destruction.

1.1.1 Human demyelinating diseases
Several neurological disorders in humans are associated 

with multifocal patches of brain inflammation, predominantly 
affecting central white matter, and eventually leading to 
patchy demyelination. Demyelinating diseases are broadly 
divisible into a primary group with axon sparing, which 
includes MS and post-vaccination allergy, and a secondary 
group with axonal damage, which includes subacute sclerosing 
panencephalitis (SSPE) and central pontine myelinolysis.

MS is the commonest of the demyelinating diseases. Other 
human primary demyelinating conditions such as diffuse 
sclerosis (Schilder's disease), Balo concentric sclerosis and 
neuromyelitis optica (Devic's disease) share the features of 
demyelinating foci and gliosis, and are probably variants of
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MS. Optic neuritis is the most common isolated demyelinating 
syndrome and over one third of patients who develop idiopathic 
optic neuritis will go on to develop the clinical 
manifestations of MS. Acute disseminated encephalomyelitis 
following viral infection is a monophasic disorder with 
generalised perivenous demyelination (Silberberg, 1985).

1.1.2 Diagnosis, clinical aspects and eoidemioloav of 
multiple sclerosis

The clinical diagnosis of MS requires evidence from 
neurological examination of two or more CNS lesions, 
preferably with at least a month interval between the 
appearance of symptoms and with each symptom lasting a minimum 
of 24 hours (hr) (Poser et al., 1983), but confirmation at 
postmortem remains the ultimate proof. The laboratory support 
for the diagnosis of MS consists of the demonstration of 
elevated intrathecal synthesis of immunoglobulin G (IgG) and 
IgG oligoclonal bands in cerebrospinal fluid (CSF; Matthews,
1991). Oligoclonal bands are detected by electrophoretic 
techniques in over 95% of MS patients and in most cises these 
bands are not detected in serum. Once present, oligoclonal 
bands persist throughout life and generally do not fluctuate 
in intensity or number in relation to disease activity (Glynn 
et al., 1982; Compston, 1991). Magnetic resonance imaging 
(MRI) provides a sensitive method for detecting CNS lesions 
and is becoming an important supportive aid in diagnosis of MS 
(Rudick, 1992; Paty, 1993).

The first clinical symptoms usually appear between the
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ages of 15 and 50 years (y; average 33 y) . Common initial 
problems include weakness of one or more extremities, optic 
neuritis resulting in unilateral visual loss, incoordination 
and paraesthesia (Hallpike, 1983). Most patients recover 
clinically to some extent from the initial relapses producing 
the classic remitting and exacerbating course, particularly in 
the early stages of the disease. As the disease progresses 
remissions may be less complete and patients often pass into 
a secondary progressive phase. A minority of patients (about 
5%) present with a primary progressive course without any 
remissions. Approximately 10% of patients remain well at 10 
to 15 y after the onset of the disease, and this is classified 
as benign MS (Weinshenker et al., 1989). The average interval 
from clinical onset to death is 35 y .

There is a marked variation in the incidence and 
prevalence of MS according to latitude. In Northern latitudes 
the prevalence is higher in comparison with lower latitudes 
(Martyn, 1991). Migration studies suggest that populations 
who migrate after the age of 15 carry with them the prevalence 
rate of their place of origin, whereas those micrating in 
childhood acquire the prevalence of that in their host country 
(Kurtzke & Bui, 1980). MS is possibly an age-dependent 
response to infection because patients with MS develop 
childhood diseases such as measles, mumps and rubella at a 
significantly later age than controls (Allen & Brankin, 1993). 
Differences in racial susceptibility, familial clustering (the 
incidence of MS is 15-20 times higher in relatives of patients 
than in the general population), concordance in twins (for
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identical twins the concordance is higher than for fraternal 
twins), linkage analysis and population studies all indicate 
that susceptibility to MS is genetically determined (Compston,
1991). Within defined populations, immunogenetic pre
determination of MS has been shown to correlate with specific 
human leukocyte antigen (HLA) haplotypes. Bernard and Rosbo 
(1992) found that susceptibility to MS is strongly associated 
with HLA-DR2 phenotypes. The gene complementation between HLA 
class II and T cell receptor (TCR) genes may confer 
susceptibility to MS (Pette et al., 1990; Beall et al., 1993).

1.1.3 Pathology of multiple sclerosis
The gross pathology in MS is the presence of plaques, 

which are circumscribed areas of myelin loss in the CNS white 
matter. In the unfixed CNS tissue, old lesions are grey, 
often somewhat translucent and firm, and recent lesions are 
soft and appear pink; after fixation, the distinguishing 
hardness of the old lesion is lost and the recent lesions are 
difficult to see. Plaques tend to be multiple and often occur 
symmetrically in particular locations which include 
periventricular white matter, optic nerves and chiasma, mid
brain, brainstem, cerebellum and certain areas of the spinal 
cord such as the dorsum septum, subpial regions and on either 
side of the anterior fissure. In all regions, the lesions are 
almost invariably perivenous in location (Prineas, 1985). The 
characteristic microscopic features of plaques are 
perivascular inflammatory cuffs containing lymphocytes, plasma 
cells and macrophages; relative sparing of nerve cell bodies
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and axons; areas of myelin dissolution and the presence of 
macrophages containing myelin breakdown components; a loss of 
oligodendrocytes particularly in the centre of plaques ; and 
accompanying reactive astrocytosis (McKhann, 1982; Allen,
1991). Reactive astrocytes are recognised by their eccentric 
vesicular nuclei, large amounts of paranuclear cytoplasm and 
numerous tortuous cell processes. Polymorphonuclear
leukocytes are rarely seen, even in the most florid acute 
lesions.

CNS myelin is formed by the compaction of oligodendrocyte 
plasma membranes and contains about 70% lipid and 30% protein 
dry weight. Cholesterol is the most abundant single lipid in 
myelin (Morell & Norton, 1980) and in MS lesions activity is 
traditionally established by the presence of macrophages 
filled with sudanophilic or osmiophilic cholesterol esters and 
other lipid breakdown products. These fat-laden cells.appear 
foamy and so called foamy macrophages, and they can be 
identified by oil red 0 (ORO) neutral lipid staining (Weller, 
1985; Adams, 1989). Electron microscopy of the active lesion 
has confirmed that myelin thinning in the presence of 
infiltrating microglia and macrophages is a major pattern of 
myelin destruction in MS (Prineas, 1985). It was observed 
that single or paired myelin lamellae are attached to coated 
pits on the macrophage surface, usually at the blind end of 
elongated pinocytic vesicles concentrated in microfilament- 
rich areas of macrophage cytoplasm. Coated pits are 
specialized regions, found on the surface of all cells, which 
have been identified as the major pathway for receptor-
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mediated endocytosis of many macromolecules (Goldstein et al., 
1979). Endocytosis of receptor-ligand complexes occurs by 
budding of the pit into the cytoplasm where it forms a coated 
vesicle. As these coated vesicles occur on macrophages within 
MS lesions they may play a role in phagocytosis of myelin.

Very few detailed descriptions of the earliest phases of 
demyelination in MS exist because of the lack of suitable 
pathological material. In a study of series of cases in which 
the disease was clinically active up to the time of death the 
earliest lesion is described as a small hypercellular area 
about 1mm in diameter infiltrated by microglia, the CNS 
resident macrophage, in which some pale but structurally 
intact myelin sheaths remain (Adams, 1975). A recent 
classification of the activity of MS plaques suggests that the 
earliest lesion is an area of hypercellularity with HLA-DR+ 
macrophages/microglia but without myelin phagocytosis and 
0R0+ lipid staining (Sanders et al., 1993). In contrast, 
myelin disintegration, which is described as uniformly or 
irregularly swollen pale-staining sheaths and fragmented 
extracellular particles and balls of myelin, occurring in the 
absence of hypercellularity has also been considered as the 
initial change in MS (Allen, 1991).

Plaques may enlarge by direct finger-like extensions 
(Dawson's fingers) at their periphery or by fusing with 
neighbouring plaques to form a larger, lobulated lesion. 
Coalescence of plaques in this way may account for the 
continuous activity around the edge of lesions, and the 
pattern of progressive neurological deterioration in the
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patient (Weller, 1985).

Remyelination is believed to occur, especially in acute 
lesions but recurrence of the inflammatory process or the 
involvement of other factors seems to limit the extent of 
remyelination (Prineas & Connell, 1979; Prineas et al., 1993). 
Shadow plaques, in which loss of myelin is not complete, are 
thought to be undergoing demyelination and remyelination 
simultaneously (Allen, 1991). With the passage of time 
astrocytic gliosis becomes prominent in the inactive centre, 
which is hypocellular in comparison to surrounding apparently 
normal white matter. The border between demyelinated and 
myelinated tissue tends to be hypercellular with astrocytes, 
foamy macrophages and perhaps oligodendrocytes. Chronic 
plaques are characterized by demyelination, oligodendrocyte 
depletion, gliosis and some axonal loss without inflammation, 
and small venules in these inactive lesions have thickened 
hyalinised walls.

1.2 IMMUNOLOGICAL ASPECTS OF MULTIPLE SCLEROSIS

MS may be an autoimmune disease of multifactorial 
etiology. Observations made on CSF and blood samples from MS 
patients and experimental models of demyelination have 
implicated immunological mechanisms in the pathogenesis of MS. 
That immunotherapy directed at the immune compartment affects 
the disease process further supports the concept that 
immunological abnormalities contribute to the initiation and 
continuation of MS (Bernard & Rosbo, 1992).
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1.2.1 Roles of T and B lymphocytes in multiple sclerosis

Enumeration of lymphocytes in the blood and documentation 
of their functions have been used extensively as a means for 
understanding the immune basis of MS. A number of immune 
abnormalities have been observed in peripheral blood of 
patients with MS, especially those with chronic progressive 
disease. There is a decrease of concanavalin A-induced T 
cell-mediated suppression in the peripheral blood of MS 
patients (Antel et al., 1979) and an increase in T cells 
expressing early and late activation markers in patients with 
MS, and these antigens are mostly present on activated CD4 and 
CDS cells (Hafler et al., 1985). CD4+ T cells can be divided 
into those with either helper inducer or suppressor inducer 
function. These populations, whether they are different 
stages of T-cell differentiation or actually represent 
different T-cell lineages, are identified by monoclonal 
antibodies (MAbs) reacting with CD4, CDw29 (helper inducer) 
and CD4 CD45R (suppressor inducer) molecules. In MS decreased 
numbers of CD4+ CD45R* suppressor inducer T cells are found in 
the peripheral blood. Using Western blot analysis, the 
presence of B cells producing antibodies against myelin basic 
protein (MBP) has been reported in the CSF of MS patients, 
indicating that populations of B cells could also play an 
important role in the immunopathology of MS (Cash et al.,
1992).

An insight into the fundamental cause of MS has been 
provided by the recognition that certain immune response genes 
are associated with an increased susceptibility to the
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disease. Some studies have indicated that in MS T cells which 
recognize MBP may have a rearrangement of a restricted number 
of TCR Vg and genes (Kotzin et al., 1991; Martin et al.,
1992). Wucherpfennig et al. (1990) studied the TCR repertoire 
of human T cell lines that reacted to the immunodominant 
peptide comprising amino acids 84-102 of MBP and showed that 
Vgl7 was predominantly used by T cell lines independently 
generated from one DR2/DQ1+ MS patient. In addition, workers 
in various laboratories have demonstrated associations of 
certain germ-line polymorphisms of TCRs with MS (Hillert et 
al., 1992). However, it remains unclear whether MBP-specific 
T cells are a secondary phenomenon that result from the 
release of myelin breakdown products (Opdenakker & Damme, 
1994). T cells expressing 7 5 receptors represent a minority 
of circulating or tissue-specific T cells, and they recognize 
proteins, such as heat shock proteins produced by cells in 
response to injury. Accumulation of 75 T-cells is found in MS 
lesions (Wucherpfennig et al., 1992), possibly in association 
with oligodendrocytes that express heat shock proteins. These 
T cells may be responsible for depletion of oligodendrocytes 
in demyelinated plaques (Selmaj et al., 1991).

1.2.2 Blood-brain barrier damage
The concept of a blood-brain barrier (BBB) is based on 

the observation that many substances which circulate in the 
peripheral blood reach equilibrium with the CNS tissue at 
rates that are distinctly different from other organs. The 
anatomical basis for the BBB is tight junctions between the
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endothelium of blood vessels and a basement membrane 
associated with pericytes and the foot processes of type 1 
astrocytes (Bradbury 1979). The permeability of the BBB 
depends very strongly on the lipid solubility of the compound 
presented, and there is secretion or active transport through 
the cerebral endothelium via vesicles, pits, channels and 
receptor binding routes. Enzymes which are involved in these 
active transport processes include alkaline phosphatase 
(ALPase) and 7 -glutamyltranspeptidase. They are primarily 
located in the luminal membrane of cerebral endothelial cells 
and are involved in transfer of polar molecules across the BBB 
(Meyer et al., 1990).

In healthy animals under normal conditions the CNS 
contains few lymphocytes and major histocompatibility complex 
(MHC) antigens are expressed at very low levels (Lampson & 
Hichey, 1986). The immunologically privileged status.of the 
CNS (Barker and Billingam, 1977; Griffin et al, 1984) has been 
attributed to the BBB which restricts the free passage of 
immunoglobulins as well as lymphocytes and monocytes from the 
circulation into the CNS, whilst allowing active transport of 
certain molecules. Recent evidence indicates that the immune 
privilege of the CNS is an active and dynamic process under 
immune regulation by local factors, particularly cytokines and 
mediators (Streilein, 1993).

In the context of CNS immunological disease, the passage 
of immune mediators seems to take place by increased vesicular 
transport and partial relaxation of endothelial tight 
junctions. There is strong evidence that BBB breakdown in
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demyelinating diseases is associated with inf lamination and 
various cytokines secreted by inflammatory cells (Mantovani et 
al., 1991; Martiney et al., 1992). Histological examination 
of MS plaques (Gay & Esiri, 1991) and apparently normal white 
matter (Allen & McKeown, 1979b) confirms the presence of 
perivascular cellular infiltration and leakage of plasma 
proteins around blood vessels. The early, inflammatory and 
reversible nature of BBB damage in MS patients has been 
demonstrated by MRI using gadolinium-diethylenetriamine 
pentaacetic acid (Gd-DTPA) (Thompson et al., 1992; Katz et 
al., 1993). MHC class II antigen expression has been reported 
on microglial cells in tissue from patients with MS (Woodroofe 
et al., 1986) and the interaction of MHC molecules with 
infiltrating T cells may compromise BBB function, further 
increasing vascular permeability.

Alteration in BBB function is likely to be a key.factor 
in the initial stages of inflammation which may not invariably 
result in demyelination. BBB damage is necessary early in the 
development of focal demyelination but only in the sense that 
it may permit entry of cellular and soluble mediators with 
pathogenic potential into the CNS.

1.2.2 Cerebrospinal fluid abnormalities in patients with 
multiple sclerosis

CSF from normal subjects contains only a small numbers 
(0-5/mm^) of lymphocytes and monocytes, but in about 65% of 
patients with MS a pleocytosis of 5-50/mm^ is found in CSF. 
This increase is due mainly to the presence of T cells, but
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plasma cells, monocytes and macrophages are also found 
(Fishman, 1992). The use of MAbs for discriminating between 
lymphocyte subpopulations has shown that although CDS 
cytotoxic cells are present, the main cell type is a precursor 
cytotoxic cell of CD4/helper phenotype (Weber et al., 1987). 
Decreased levels of CD4'̂ CD45R'*' T lymphocytes with suppressor- 
inducer function in the CSF have been reported to be 
associated with the progression of the disease and 
exacerbations (Chofflon et al., 1989; Salonen et al., 1989). 
The importance of cellular or molecular signalling through CSF 
pathways is unknown, but it has been hypothesised to occur and 
may explain the characteristic of lesion pathology in MS 
(Thompson & Zeman, 1992) and experimental allergic 
encephalomyelitis (EAE) (Renno et al., 1994).

The protein content of CSF is considerably less than that 
of serum in normal individuals. In MS the most characteristic 
abnormality is a selective increase in immunoglobulins due to 
local synthesis, together with the leakage of serum proteins 
through a damaged BBB. Plasma cells present in MS plaques may 
secrete antibody for a long time after the antigenic 
stimulation has ceased, and the stimulation of small numbers 
of plasma cells may explain the presence, and continual 
synthesis, of oligoclonal bands in the CSF of MS patients 
(Calder et al., 1989).

The specificity of antibodies synthesised intrathecally 
in patients with MS has not been resolved, even though some of 
the bands may be directed against viral proteins or brain 
antigens (Schadlich et al., 1987; Brankin et al., 1988) but
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other studies have indicated that intrathecally synthesized 
IgG does not appear to be directed against CNS proteins or 
lipids (Newcombe et al., 1982, 1983). MBP is released from 
brain whatever the mechanism of injury, and can be detected as 
antigen or antibody in CSF from patients with acquired 
immunodeficiency syndrome dementia complex (Liuzzi et al.,
1992) or patients with MS in relapse (Martin-Mondière et al., 
1987). Using 18 synthetic peptides ranging from 8 to 25 amino 
acids and covering the length of the whole molecule, Warren 
and Catz (1992) found that purified anti-MBP antibodies from 
the CSF of patients with MS are polyspecific and have affinity 
for discontinuous epitopes located between residues 61 and 106 
of human MBP.

1.2.4 Experimental allergic encephalomyelitis: a model of
multiple sclerosis

The assumption that MS is an immunopathological disease 
mediated by an immune reaction against CNS antigens derives 
largely from studies on EAE, a model autoimmune disease for 
M S . Although there are many dissimilarities betwc en MS and 
EAE, this model allows the study of autoreactive T cells as 
well as activated macrophages and their ability to induce 
inflammation and subsequent demyelination in the CNS. EAE can 
be induced in a variety of animal species by injection of 
myelin proteins such as MBP, which accounts for 30% of the 
total CNS myelin protein and is 170 amino acids long with a 
molecular weight of about 18.3 KDa in humans (Lees & Brostoff,
1984), as well as by adoptive transfer of CD4* activated T
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cells specific for MBP (Bernard & Rosbo, 1992). Myelin 
proteolipid protein may be another potential target antigen as 
it can elicit a proliferative response on a T cell line from 
MS patients (Pelfrey et al., 1993) and has become a well- 
defined encephalitogen in animal models. However,
demyelination only occurs with simultaneous injury of the BBB, 
using T cells activated against one of several myelin 
antigens, or the local availability of an antimyelin antibody 
(Compston, 1993). A recent report indicates that the 
bacterial superantigen Staphylococcal enterotoxln B can also 
induce clinical relapses of paralytic autoimmune disease 
through the reactivation of autoaggressive cells via TCRs 
(Brocke et al., 1993).

A monophasic, acute EAE or spontaneous relapsing- 
remitting chronic EAE may develop according to the mode of 
sensitization, genetic background and age of the animal. In 
both models microglial activation occurs at early stages of 
the disease. Acute EAE presents a pathology similar to acute 
human inflammatory CNS diseases and its predominant 
histological feature is perivascular infiltrates of 
mononuclear cells (MNC), with no or very little primary 
demyelination (Lassman, 1983). In chronic relapsing EAE, the 
neuropathological changes and disease course observed are more 
typical of MS. Within these demyelinating plaques, there are 
distinctive astroglial hypertrophy (Ludowyk et al., 1993), 
macrophage phagocytosis and the presence of exposed axons 
(Raine, 1983).
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1.3 THE MONONUCLEAR PHAGOCYTE SYSTEM

1.3.1 Historical background
In 1882 Metchnikoff first recognized and established the 

importance of phagocytic cells in antibacterial defense. 
Early in the twentieth century, investigators showed that acid 
diazo dyes such as trypan blue or lithium carmine injected 
into animals accumulated in certain cells in different 
tissues. As these cells had morphological features in common 
and, in particular, were characterized by the pronounced 
ability of phagocytosis, they were grouped together by the 
German pathologist Aschoff under the heading of the 
reticuloendothelial system. The reticuloendothelial system 
included four groups of cells : tissue macrophages and blood 
monocytes; microglia of the CNS; blood vessel sinus 
endothelial cells lining the liver, spleen, bone marrow, 
adrenal cortex, and anterior lobe of the pituitary; and 
reticular cells of the lymphoid system (Klein, 1982).

In recent years the term reticuloendothelial system has 
been subject to dispute. It is now known that the iiazo dyes 
are bound to plasma albumin and taken into cells by 
pinocytosis, an uptake not requiring attachment or interaction 
with the cell membrane, so dye uptake alone cannot be used to 
define the macrophage system. Several cells included in the 
reticuloendothelial system, such as those lining the sinusoids 
of the spleen and the fibroblastic reticular cells of 
haematopoietic tissues, are only weakly phagocytic and differ 
from monocytes and macrophages in their recognition of
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particulate matter. As a result, the mononuclear phagocyte 
system has been proposed instead of the reticuloendothelial 
system. Criteria for inclusion of cell types in the
mononuclear phagocyte system are (1) derivation from bone 
marrow precursor cells, (2) characteristic cell structure and 
(3) high level of phagocytic activity mediated by 
immunoglobulins and components of the serum complement system 
(Klein, 1982; van Furth, 1986).

1.3.2 Origin and fate of mononuclear phagocytes
Mononuclear phagocytes originate from a committed stem 

cell in the bone marrow through the monoblast stage to form 
the promonocytes which give rise to monocytes. Monocytes 
leave the bone marrow randomly within 24 hr after they are 
formed and will remain in the circulation for a relatively 
long time (man: half-time about 71 hr; mouse: half-time about 
17 hr) compared with granulocytes (half-time about 7 hr). 
They then leave the circulation randomly for various tissue 
compartments where they differentiate into macrophages (van 
Furth, 1986).

Mononuclear phagocytes will not proliferate unless 
macrophage growth factor (also called colony stimulating 
factor-1) is present in adequate concentrations (van der Meer 
et al., 1985). Some of these cells retain proliferative 
capacity while others senesce (Stewart, 1986). Macrophage 
life span varies in different tissues but may be several 
months or more (van Furth et al., 1986). In the CNS, 
microglia divide infrequently in normal animals but can be
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activated and induced to divide and/or undergo apoptosis using 
an anti-complement receptor 3 (CR3) MAb (Reid et al., 1993).

1.3.3 Heterogeneity of mononuclear phagocytes
As macrophages differentiate into mature effector cells 

they acquire maturation-associated phenotypes requisite for 
their diverse functions. Characterization of these cells has 
been based on morphologic, histochemical, immunocytochemical 
and functional criteria. Monocyte/macrophage differentiation 
can be studied in situ with MAbs which are ideal for analyzing 
different macrophage populations in various tissues. Some of 
these MAbs identify both monocytes and tissue macrophages, 
such as EBMll for human and 0X42 for rats antigens, while 
others react with differentiation antigens such as MAbs 27E10, 
RM3/1 and 25F9 (Zwadlo et al., 1985, 1986, 1987). Markers for 
differentiated macrophages such as MAbs Ber-MAC3 (Backè et 
al., 1991) and RFD7 (Poulter et al., 1986) are rarely 
expressed on monocytes.

Heterogeneity could be generated at the level of the bone 
marrow precursor cells. Alternatively, phenotypically 
identical cells could lodge in a tissue and be influenced 
solely by local constraints, thereby generating the same level 
of diversity through a peripheral mechanism (Witsell & Schook, 
1991; Paulnock, 1992). Recent studies have suggested that 
both developmental and activation-related processes contribute 
to the emergence of a heterogeneous pool of mature 
macrophages. Using reverse transcription-polymerase chain 
reaction (PCR) analysis, Witsell and Schook (1991) found that
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bone marrow-derived macrophages develop distinct phenotypes 
when allowed to mature under the influence of two cytokines 
active in macrophage differentiation, colony-stimulating 
factor 1 or granulocyte-macrophage colony-stimulating factor. 
Subsequently these colonies were competent to respond to 
activating signals, including bacterial lipopolysaccharide 
(LPS) or interferon gamma (IFN-y) which led to predictable 
phenotypic transitions.

Functional heterogeneity occurs between different 
activation levels of macrophages. The response of a cell to 
extracellular signals depends not only on the nature of the 
particular signal but on the presence of other signals whether 
stimulatory or inhibitory, and also depends on the recent 
history of the macrophages (Scheibenbogen & Andreesen, 1991). 
Responses also vary in different types of macrophages, 
depending on their functions and state of differentiation. 
Two different modes of functional heterogeneity of macrophages 
have been postulated: the single lineage hypothesis
(maturational heterogeneity) and the multilineage hypothesis 
(clonal heterogeneity) (Stewart, 1986).

1.4 MICROGLIA: ONTOGENY AND PHENOTYPES

Microglia are the largest population of brain macrophages 
(Jordan & Thomas, 1988) and comprise up to 20% of the glial 
population in the rodent brain (Lawson et al., 1990). These 
cells are present in all CNS areas but are not uniformly 
distributed, being enriched in grey matter. The morphology of
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microglia in vivo varies according to their location and 
microenvironmental factors, and ranges from compact amoeboid 
cells to ramified, branched cells, with considerable variation 
in the length and complexity of branching of the processes.

The origin of ramified microglia has been a longstanding 
controversial issue and they have been suggested to be of 
neuroectodermal, monocytic or mesodermal origin (Theele & 
Streit, 1993). The intact CNS is traditionally regarded as 
not containing cells which are primarily immunocompetent but 
during development of the mouse circulating bone marrow- 
derived monocytes enter the CNS, seemingly through an intact 
BBB in response to neuronal death, and establish themselves in 
the CNS parenchyma as resident microglial cells (Perry & 
Gordon, 1988). In support of the monocytic origin theory, 
experimental studies with carbon labelling have demonstrated 
that blood monocytes invade the early postnatal brain to 
become amoeboid microglia which then differentiate into 
ramified microglia (Ling & Wong, 1993). However, using a rat 
bone marrow chimera the MNC and perivascular microglia have 
been observed to be derived from bone marrow but not 
parenchymal ramified microglia (Lassmann et al., 1993). Perry 
& Gordon (1991) have suggested that microglia are a population 
with slow turnover.

Microglia show extreme morphological specialization in 
normal conditions, accompanied by poor phagocytic activity and 
down regulation of many typical macrophage markers. Until now 
no markers have been available that discriminate specifically 
between microglia and infiltrating monocytes/macrophage.
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Ramified microglia have been examined with silver 
impregnation, histochemical and immunocytochemical methods. 
The enzymes nucleoside diphosphatase (NDPase) and thiamine 
pyrophosphatase have been used as specific markers for 
microglia in the normal CNS of rat, rabbit, cat, Japanese 
quail and human (Novikoff & Goldfischer, 1961; Murabe & Sano, 
1981; Fujimoto et al., 1989). Ramified and reactive microglia 
have also been visualized by the lectin from Griffonia 
simplicifolia seeds, a marker that can also be used for 
labelling blood monocytes (Streit & Kreutzberg, 1987).

In several studies MAbs raised against cells belonging to 
the monocyte/macrophage lineage have been used for the 
identification of microglia. A number of cell surface 
antigens are shared by microglia and macrophages, such as a 
receptor for the constant fragment of Ig molecules (FcR) and 
CR3 (Perry et al., 1985), CDlla (LFA-1), CDllc (P150.95; CR4 ) 
and CD18 (i3-2) (Akiyama & McGeer, 1990). FcR III mRNA was 
recently found in microglia-like cells in rat brain with in 
situ hybridization (Vedeler et al., 1994). However, many 
other antibodies used to identify mononuclear phagocytes in a 
variety of tissues and/or peripheral blood monocytes failed to 
visualise ramified microglia (such as CD4 and LeuM3; Williams 
et al., 1992), but these antibodies may react with activated 
microglia in different inflammatory conditions (Hagg et al., 
1993; Flaris et al., 1993; Akiyama et al., 1994).
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1.5 PROPERTIES OF MACROPHAGES AND MICROGLIA

1.5.1 Phagocytosis
Macrophages are very active in pinocytosis and 

phagocytosis, processes collectively known as endocytosis. In 
contrast to pinocytosis in which droplets of fluid are taken 
up, in phagocytosis a particle is attached to the surface of 
the macrophage, followed by an engulfment. Macrophages have 
binding sites for more than 40 ligands but only a few of these 
receptors (those for IgG, complement and oligosaccharides) are 
known to promote ingestion of particles (Wright & Silverstein,
1986). Via receptors and phagocytosis, macrophages can 
interact with many molecules in the extracellular milieu, such 
as endogenous biological substances, immune aggregates, and 
infectious agents. Molecular cloning of receptors of 
scavenger, Fc, mannose and IFN'Y has made it possible to test 
the role of mutagenized or engineered receptors in 
phagocytosis and activation (Wright & Silverstein, 1986; 
Matsumoto et al., 1990; Stahl, 1993; Celade & Nathan, 1994).

Macrophages have a high rate of membrane turnover as 
within 15 to 30 minutes (min) they can ingest 30 to 40% of 
their total surface area. In addition, macrophages may have 
twice the amount of surface membrane as an internal membrane 
store (Wright & Silverstein, 1986). Experiments using murine 
bone, marrow-derived macrophages have indicated that phagocytic 
capacity is limited by the amount of available membrane, 
rather than by the availability of Fc-receptors (Cannon & 
Swanson, 1992).
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Macrophages produce and secrete lysosomal acid hydrolases 

such as lysozyme, ^-glucuronidase, acid phosphatase (ACPase), 
sulfatases, deoxyribonucleases, lipases, glycosidases and 
cathepsins, and neutral proteases such as elastases, 
collagenases, and plasminogen activator (Nathan, 1987; Tomida, 
1985). These degradative enzymes are essential for functions 
of microbial killing and digestion, and removal and catabolism 
of dead cells. In ramified microglia lysosomes are scarce and 
ACPase activity is weak. In contrast, reactive microglia 
which increase in number in damaged CNS parenchyma do contain 
lysosomes and strong ACPase activity (Oehmichen, 1982). Thus 
microglia respond to CNS injury by conversion from a quiescent 
non-phagocytic cell to the highly phagocytic amoeboid form. 
Microglia activation occurs in several human neurological 
disorders, such as HIV encephalopathy, Parkinson's and 
Alzheimer's disease. Activated microglia are characterised by 
proliferation, increased or ^  novo expression of marker 
molecules such as HLA antigens, migration and eventually 
change into a macrophage-like phenotype (Banati et al., 1993).

The transformation of ramified microglia into fully 
differentiated macrophages in vivo appears to be under strict 
control. Microglia do not become phagocytic after facial 
nerve transection but gradually phagocytose the neuronal 
debris if facial nerve degeneration is induced by injection of 
ricin (Streit & Kreutzberg, 1988) or fluorogold (Streit & 
Graeber, 1993). At the ultrastructural level, phagocytic 
microglia are hypertrophic, with an enlarged cytoplasmic 
volume and several broadened processes containing dense
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bodies, lipid vacuoles and multilaminated bodies (Banati et 
al., 1993).

1.5.2 Antigen presentation
Macrophages and microglia play a role in the production 

of antibody and cell-mediated immune responses by processing 
and presenting antigens to lymphocytes, and in the production 
of immunoregulatory molecules. Upregulation of MHC class II 
is an early consequence of macrophage activation and can be 
induced in macrophages and microglia by IFN- 7 in vitro. In 
contrast, deactivation of macrophages by glucocorticoid- 
induced suppression relates to the down-regulation of MHC 
class II expression on these cells (Celada & Nathan, 1994).

Ramified microglia generally express low levels of MHC 
class II antigens, and recent reports indicate that these
cells express MHC class II-DR in elderly and normal human
brain biopsy and autopsy tissue (Hayes et al., 1987; Gehrmann 
et al., 1993a). The presence of antigen-presenting cells is 
a prerequisite for initiation of an immune response within the 
CNS as T cells recognise antigen in association with the 
macrophage MHC class II molecule. Reactive microglia also 
express MHC class I antigens, so that reactive microglia cells 
have the capacity to interact simultaneously with T 
helper/inducer and T cytotoxic/suppressor classes of 
lymphocytes (McGeer et al., 1993).

HLA class II molecules, encoded within the MHC, comprise
three subclasses, HLA-DR, -DQ and -DP. It is not clear
whether these subclasses differ functionally in their
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regulation of immune responses. Using a non-responder 
haplotype animal model, Hirayama et al. (1987) reported that 
HLA-DR was required for the proliferative T cell response to 
Schistosoma japonlcum antigen while HLA-DQ is important in the 
antigen-specific suppression of the response to this antigen. 
In another experiment using a panel of Mycobacterium leprae- 
specific CD4+ and CD8+ T cell clones of differing MHC class II 
haplotypes, suppression in vitro was found to be restricted by 
HLA-DQ and not by HLA-DR and was inhibited by antibodies to 
HLA-DQ (Salgame et al., 1991). However, monocytes expressing 
both DQ and DR were found to present foreign antigens to T 
cells more efficiently than the DQ-negative subsets (Nunez et 
al., 1985). These data suggest that HLA-DQ serves as the 
preferred restricting element for suppression and is epistatic 
to DR in controlling the immune response.

1.5.3 Secretory capacities
Macrophages and microglia release large numbers of 

biologically active substances in response to their 
surroundings, including proteases, complement components, 
arachidonic acid derivatives and growth regulating factors 
such as interleukin (IL)-l which controls growth of 
lymphocytes (Nathan, 1987). With the advent of PCR 
technology, growing numbers of cytokines that can be produced 
by macrophages in vitro have been identified (Broxmeyer et 
al., 1993).

Secretion of macrophage products is strictly regulated by 
differentiation and extrinsic stimulation. Some products are
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constitutively secreted e.g. lysozyme; others such as 
plasminogen activator are secreted by inflammatory and 
activated macrophages (Kung & Lau, 1993) and some are secreted 
only by activated macrophages e.g. H2O2 (Werb et al., 1986). 
The activation and differentiation of human monocytes into 
macrophages may lead to an enhanced LPS response in terms of 
progressive increase of IL-6 and tumour necrosis factor alpha 
(TNFa) production (Gessani et al., 1993). Phagocytosis by 
macrophages and microglia is accompanied by the respiratory 
burst (Klegeris & McGeer, 1994), in which the reduction of 
oxygen to water is a step-wise process involving the 
intermediate reduction products, superoxide anion ( "Og"), H2O2 
and hydroxyl radicals (*0H). Nitric oxide (NO*) is potentially 
damaging itself but it also reacts with superoxide to form 
peroxynitrite (0N00“) and subsequently the highly reactive 
hydroxyl radical. These products are strong oxidising-agents 
and could cause cell membrane damage by lipid peroxidation 
(Halliwell, 1992).

Microglia also participate to a great extent in 
regulation of neuronal growth, function and reg.meration. 
Macrophage-conditioned medium can enhance the survival and 
neurite extension of embryonic sensory neurons (Perry & Brown, 
1992). TNFa, produced in stimulated microglia, is known to 
stimulate angiogenesis (Leibovich et al., 1987) and IL-1 is 
reported to be mitogenic for astrocytes (Giulian & Lachman,
1985).
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1.6 ROLE OF MICROGLIA AND MACROPHAGES IN DEMYELINATION

It has been shown with electron microscopy that 
macrophages are ultimately responsible for contacting and 
removing myelin from axons in MS and EAE (Lamport & Kies, 
1967; Prineas 1985). Vesicular disruption of myelin occurs in 
proximity to macrophages and the myelin lamellae are removed 
by a process which involves the attachment of myelin to coated 
pits, after which myelin sheaths are incorporated into 
macrophages as elongated myelin-containing vesicles. The fact 
that no consistent changes are seen in myelin sheaths prior to 
phagocytosis suggests that macrophages initiate the structural 
disorganization (Prineas, 1985).

The presence of coated pits suggests that this phagocytic 
process is receptor-mediated (Epstein et al., 1983). The CR3 
of macrophages seems to play a critical role in macrophage 
recruitment and myelin degradation (Stoll & Hartung, 1992) and 
may interact with C3bi-opsonised myelin membrane. Anti
macrophage CR3 antibody directly blocked myelin phagocytosis 
by macrophages in an in vitro model of Wallerian degeneration 
(Lunn et al., 1989). Activation of complement on the surface 
of myelin in vitro leads to generation of complement membrane 
attack complex which forms tiny pores in the lamellae to 
permit entry of extracellular fluid and ions into cytoplasmic 
spaces in the myelin sheath (McGeer et al., 1993) and such 
complexes have been found in MS plaques (Compston et al., 
1989). Fc receptor binding also activates microglia and 
macrophages, and apart from inducing phagocytosis of myelin.
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it induces the respiratory burst with release of reactive 
intermediates which considerably affect the stability of the 
myelin membrane (Wright and Silverstein, 1986).

As the major MHC class II expressing cells in the CNS, 
microglia may be critical for presentation of antigen to T 
cells at the edge of the MS plaque (Woodroofe et al., 1986). 
Macrophages in the vicinity of plaques are reported to express 
increased levels of MHC class II molecules (Hayes et al.,
1987). IFN-7 produced by activated T cells is a potent 
activator of macrophages and simulates the release of 
interleukins, such as TNFa and some early complement 
components by macrophages, and it also activates macrophage- 
mediated cytotoxicity (Paulnock, 1992). It has been reported 
that IL-1, IL-6 and TNFa are produced by activated microglia 
in MS plaques (Hofman et al., 1989; Woodroofe & Cuzner, 1993) 
or following mechanical injury (Woodroofe et al., 1991). 
Several of these macrophage products have been shown to damage 
myelin in vitro either by a direct effect or through 
oligodendrocyte injury (Selmaj & Raine, 1988).

The mechanism by which the myelin sheath is degraded in 
MS is unknown. The demonstration of increased activities of 
both acid (cathepsins B, D, A) and neutral proteinases in MS 
and EAE tissue and the disappearance of myelin proteins 
implicate a role for proteolytic enzymes in myelin breakdown 
(Cuzner & Davison, 1973; Groome et al., 1987; Banik, 1992). 
Increased activities of hydrolytic enzymes in the CNS may 
cause ultrastructural changes in myelin by digestion of MBP 
and induce an autoimmune response by production of
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encephalitogenic peptides. Strong evidence for abnormal 
levels of lysosomal hydrolases, especially acid phosphatase, 
in the plaque and periplaque in MS and EAE is shown by the 
biochemical and histochemical findings (Hirsch & Parks, 1975; 
Hirsch et al., 1976; Allen, 1983). In addition, activated 
microglia and macrophages might enhance degradation of MBP by 
the secretion of an urokinase-type plasminogen activator 
(Nakajima et al., 1992). Recently, cytokine-mediated 
production of gelatinase B in lymphocytes has been found not 
only to degrade perivascular type IV collagen, but also to 
cleave MBP into fragments (Opdenakker & Damme, 1994).

The source of macrophages in MS plaques is controversial. 
Microglia are activated in and around demyelinating plaques 
and blood-derived monocytes infiltrate the CNS parenchyma 
through the damaged BBB in MS. It is difficult to distinguish 
activated microglia from macrophages in demyelinating lesions 
since they share common morphological characteristics and most 
cell surface antigens (Nakajima & Kohsaka, 1993). Analysis of 
macrophage phenotypes in MS lesions is required in order to 
understand the role of various macrophages under normal steady 
state and inflammatory conditions.

1.7 REGULATION OF MACROPHAGE FUNCTIONS BY LOW DENSITY 
LIPOPROTEIN

Cholesterol ester-enriched foamy macrophages in the 
hypercellular zone of growing MS lesions resemble those 
observed in lesions of atherosclerosis, a disease of large and
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medium-sized muscular and elastic arteries. Atherosclerotic 
lesions are rich in cholesterol and cholesterol esters which 
are largely derived from the lipoproteins in the blood, and 
foam cell formation may be related to uptake of oxidized low 
density lipoprotein (LDL). As there is evidence of abnormal 
vascular permeability in early MS lesions, macrophages at 
these sites may take up cholesterol by phagocytosis of intact 
or fragmented myelin and also by receptor-mediated endocytosis 
of plasma lipoproteins.

LDL, the major carrier of plasma cholesterol, has a mass 
of 3 X 10^ Daltons and a diameter of 22nm. Each LDL particle 
contains about 1500 molecules of cholesteryl ester, 800 
molecules of phospholipid, 500 molecules of unesterified 
cholesterol and 1 molecule of apoprotein B-lOO (apo B). The 
oxidation of LDL results in chemical modification of certain 
moieties of apo B by lipid peroxidation products and the 
lysine residues are particularly susceptible. Modified LDL 
has an increased density, owing to a decrease in its content 
of free and esterified cholesterol, and an enhanced 
electrophoretic mobility, presumably due to increased negative 
charge (Brown & Goldstein, 1983).

In vivo studies have shown that two thirds or more of the 
removal of native LDL from plasma is mediated through the LDL 
receptor (Kesaniemi et al., 1983) and that the removal occurs 
mostly in the liver (Pittman et al., 1979). Brown and
Goldstein (1983) first proposed that modification of LDL was 
a prerequisite for macrophage uptake through scavenger 
receptors. In contrast to the LDL receptor, scavenger
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receptor activity is not regulated the level of cholesterol 
within cells, and therefore the uptake of oxidized LDL leads 
to accumulation of large amounts of lipids in macrophages and 
results in foam cell formation. Oxidation of LDL can be 
induced by incubation of native LDL with endothelial cells, 
smooth muscle cells or macrophages in culture, or by 
incubation with heavy metal ions such as copper. Oxidation- 
specific epitopes of LDL have been mainly found in 
atherosclerotic lesions (Witztum & Steinberg, 1991). Recent 
data suggest that these types of oxidation-specific epitopes 
are also present in experimental nephrotic syndrome, iron- 
overloaded liver, the liver of alcoholic patients and possibly 
in the decidual vessels of women who have pre-eclampsia 
(personal communication from Professor J. Witztum).

During oxidative modification of LDL there is extensive 
conversion of lecithin to lysolecithin catalyzed by a 
phospholipase Ag activity which is apparently intrinsic to apo 
B (Parthasarathy & Barnett, 1990). After propagation 
reactions the fragmentation of fatty acids occurs, leading to 
the formation of highly reactive intermediates such as 
aldehydes and ketones, which can then complex with the 
adjacent apo B, phospholipids and cell membranes (Goldstein & 
Brown, 1983). Oxidized LDL is chemotactic for circulating 
monocytes and cytotoxic to a variety of cells types in culture 
(Esterbauer et al., 1993). Using a skinfold chamber model in 
hamsters for intravital microscopy. Lehr et al. (1993) have 
demonstrated the chemotactic and adhesion-promoting action of 
oxidatively modified LDL in vivo with the involvement of
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leukotrienes and the CDllb/CDlS adhesion receptor complex, 
suggesting a general effect of oxidized LDL in inflammatory 
processes (Chisolm, 1993).

1.8 MACROPHAGES AS TARGETS FOR THERAPEUTIC INTERVENTION

The important role of macrophages in the amplification 
and effector phase of MS may be further substantiated in 
immunopharmalogical investigations. Therapies directed
against macrophages such as injection of antibody directed 
against CR3 of macrophages can markedly reduce macrophage 
infiltration and ameliorate demyelination in experimental 
models (Dijkstra et al., 1993; Lunn et al., 1989), while 
administration of agents that activate macrophages (such as 
IFN7) can augment disease and cause relapses in MS patients 
(Panitch & Bever, 1993). MAb to the MHC class II la molecule 
have been applied therapeutically to animals sensitized for 
EAE to downregulate antigen presenting cell function in the 
CNS, and a similar strategy is under consideration in MS 
(Raine, 1994).

A large number of studies which interfere with macrophage 
products such as proteases or oxygen radicals have been 
undertaken to inhibit EAE in animals (Brosnan et al., 1980). 
The essential requirement of macrophages for disease 
expression has been highlighted by showing that elimination of 
these cells causes suppression of the clinical signs of EAE 
(Dijkstra et al., 1993). All clinical and histological signs 
of experimental allergic neuritis were prevented by
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intraperitoneal injections of silical quartz dust which 
depleted macrophages by diverting monocytes to the 
peritoneal cavity (Hartung et al., 1988).

1.9 AIMS OF THESIS

As macrophages appear to play a critical role in the
CNS immune reactions and are the predominant cell type in 
active MS lesions it is proposed that they are effector 
cells for the demyelination process. In order to examine 
this hypothesis, the following questions were asked for this 
study: a) Are there specific subsets of mononuclear
phagocytes in MS plaques, and is there a correlation between 
macrophage phenotypes and the stage of MS plaque evolution? 
b) Do these macrophage populations reflect a diversity of 
function, including the potential for antigen presentation, 
myelin phagocytosis and secretion of proteinases and
cytokines in demyelination? c) What is the relationship 
between macrophage phenotypes in MS lesions and those in the 
CSF, do such populations reflect the immune status of the
CNS, and would examination of CSF monocyte and macrophage 
populations be of diagnostic value?

To answer these questions, the main aim of this study 
was to investigate the distribution and phenotypic 
characteristics of macrophages and microglia at different 
stages of MS plaque evolution using quantitative
immunocytochemistry and histochemistry. The effect of BBB 
damage on microglial activation was examined by determining 
whether plasma lipoproteins were present within mononuclear
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phagocytes in the plaques. Data on MS lesions were compared 
with those in normal control white matter, other 
neurological diseases, lesions in acute EAE rats and in 
vitro experiments in order to understand the role of 
different populations of macrophages and microglia under 
inflammatory demyelinating conditions and the normal steady 
state in the CNS. To determine whether macrophage 
phenotypes in MS plaques were mirrored by those in CSF, 
macrophage populations in the plaque parenchyma and CSF were 
studied using paired samples from the same postmortem MS 
cases, and the findings were compared with postmortem normal 
controls and living subjects with MS and other neurological 
diseases.
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CHAPTER 2

IN VIVO AND IN VITRO STUDY OF DISTRIBUTION AND 
CHARACTERISTICS OF PHAGOCYTIC MACROPHAGES 

IN MULTIPLE SCLEROSIS PLAQUES

2.1 INTRODUCTION

Elevated expression of HLA class II-DR on macrophages and 
microglia in MS plaques suggests that these cells may function 
as accessory cells in lymphocyte activation at the induction 
stage of inflammatory demyelination (Woodroofe, 1986). There 
is evidence for macrophage heterogeneity in plaques as a 
subpopulation of perivascular macrophages has been identified 
in some active MS lesions with the RFD7 antibody (Esiri & 
Reading, 1987). Perivascular haematogenous macrophages have 
been examined with antibodies against formalin-resistant 
markers (Adams et al., 1989), but the lack of specific 
microglial markers has hindered definition of the role of this 
subpopulation in plaque development.

MBP is a major protein of the CNS myelin sheath and 
remains the subject of considerable interest as a possible 
target autoantigen in MS (Wucherpfenning et al., 1991). An 
analysis of the products of myelin breakdown in macrophage 
populations in plaques may shed light on pathogenetic 
mechanisms in MS. The purpose of this immunocytochemical 
study was to characterize macrophage activation in relation to 
myelin degradation, and to examine the distribution of
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macrophage populations in demyelinating plaques. Since 
previous categorization of plaque tissue as either active or 
inactive is too simplistic in light of the current knowledge 
of immunological components making up the lesions, active MS 
plaques have been classified into four groups in terms of 
plaque development. In view of the wide spectrum of cytokine 
mediators released at sites of demyelination, the effect of 
the individual agents/mediators IFN-T, LPS, human myelin and 
combinations of these mediators on the potential for antigen 
presentation, activation and phagocytosis on cultured 
monocytes have also been examined using enzyme linked 
immunoabsorbant assay (ELISA).

2.2 MATERIALS AND METHODS

2.2.1 THE MULTIPLE SCLEROSIS SOCIETY TISSUE BANK
The MS Society Tissue Bank based at the Institute of 

Neurology contains postmortem CNS tissue from over 100 
clinically and neuropathologically we11-documented MS cases 
and controls (Newcombe & Cuzner, 1993). In the event of the 
death of a patient who wished to donate tissue for research 
studies, the Tissue Bank arranges for the body to be placed in 
a 4°C cold room of a local hospital mortuary prior to 
postmortem examination and removal of CNS tissue by a 
pathologist and morticians. Brain, spinal cord, optic 
nerves, spleen, cervical lymph nodes, CSF and blood from each 
MS case were packed in wet ice for transport to the 
Laboratory. Dissections were carried out by Dr J Newcombe on
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a tray resting on wet ice. In the brain most plaques are 
periventricular but these plaques look relatively small in the 
coronal plane. Therefore the dissection of periventricular 
plaques was carried out when the brain was laid out on its 
dorsal surface and the ventricle walls were exposed from the 
inferior surface. For each case, an average of 80 blocks, 
each approximately 1cm?, were dissected including focal 
plaques, periventricular plaques, grey matter plaques and 
normal appearing white matter (NAWM) from the brain, 
cerebellum, brainstem and spinal cord. The tissue blocks were 
either snap frozen in isopentane cooled in liquid nitrogen or 
fixed in 10% formalin in phosphate buffered saline (PBS).

2.2.2 TISSUE SAMPLING

2.2.2.1 Multiple sclerosis tissue
Postmortem CNS samples from 27 cases diagnosed clinically 

as MS and subsequently confirmed by histology were obtained 
from the Multiple Sclerosis Tissue Bank, with an average age 
of 48 y (range 21-73), a clinical disease duration of 17 y 
(range 9 months-50 y ), and an interval between death and 
tissue snap-freezing of 36 hr (range 11-84). The selection of 
cases includes a range representative of the clinical spectrum 
seen with MS, the details and main clinical features of which 
are summarised in Table 2.1.
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Table 2.1 Data on MS cases
Cases are listed in order of increasing disease duration

Case Age
/sex

Duration 
of MS
(yr)

Cause of 
death

DFT*
(hr)

Clinical 
neurological 
disability 

(Kurtzke scale)

No. of
blocks
used
for
study

B285b 35/M 0.7 Suicide 24 9 10

B194 26/M 2 BPN 18 9 8

B303 21/F 2.5 BPN 11 9 8
B381 52/M 5 BPN 30 9 3
B307 55/M 8 BPN 76 9 1
B395 37/F 8 BPN 24 9 8
B396 37/F 8 BPN 24 9 5
B400 29/F 8 BPN 14 8 14
B405 47/M 8 Cardiac

arrest
16 9 2

B260 33/F 10 MS 29 9 8
B338 51/F 10 Intestinal

obstruction
33 6 8

B339 55/M 10 Cachexia 71 9 7
B380 41/F 10 BPN 24 9 4
B416 51/M 10 BPN 46 9 3
B397 66/F 14 BPN 30 9 2
B342 50/M 15 Hypothermia 56 6 11
B399 42/F 15 BPN 34 9 1
B283 48/F 17 BPN 12 9 8
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Case Age Duration Cause of 
/sex of MS death 

(yr)
DFT* Clinical No. of
(hr) neurological blocks

disability used
(Kurtzke scale) for

study

B306 40/F 20 MS 84 9 2
B332 52/M 23 Septicaemia 56 9 9
B413 59/F 24 Renal 15 8 5

failure
B412 58/F 25 BPN 27 9 6
B359 50/F 26 BPN 44 9 6
B310 63/F 33 BPN 82 8 1
B404 73/F 40 BPN 26 9 3
B410 64/F 50 Septicemia 51 8 2
B414 60/F 50 BPN 25 9 4
Total
27 48 17 36 149

(Mean) (Mean) (Mean)

a DPT: time interval from death to tissue snap-freezing.
 ̂Tissue Bank code.
BPN; Bronchopneumonia.
Clinical neurological disability was evaluated by Dr Desmond 
Kidd at the National Hospital for Neurology and Neurosurgery, 
London.
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2.2.2.2 Tissue from cases of normal control and other 
neurological diseases

Thirty-four normal control samples were dissected from 
corresponding areas of the CNS of 13 cases without 
neurological disease, with an average age 48 y (range 33-64) 
and an interval between death and snap-freezing of 30 hr 
(range 9-72) (Table 2.2).

Brain tissue was also collected from 1 cases with SSPE, 
2 cases with Parkinson's disease and 2 cases with Alzheimer's 
disease, which constituted a control group of OND. The time 
interval from death to snap-freezing was 5-24 hr and the 
patients' age were 60-75 y for the cases of Alzheimer disease 
and Parkinson's disease but unknown for the case of SSPE 
(Table 2.3).

2.2.2.3 Tissue blocks sampled
A total of 149 tissue blocks of MS cases were used for 

this study (Table 2.4), of which 110 blocks contained MS 
plaques. In normal control groups two or three blocks of CNS 
tissue were taken from a variety of sites in each case (Table 
2.5), and in the OND group several samples were taken from 
lesions or away from lesions.



Table 2.2 Data on normal control cases
Cases are listed in order of increasing case code

40

Case
code

Age/
Sex

Death-freezing 
time (hr)

Cause of death No. of 
blocks 
used

B215 33/F 31 Hepatic coma 2
B274 54/M 10 Cardiac arrest 2
B277 51/F 12 Cardiac arrest 2
B281 50/M 9 Myocardial infarction 2
B284 50/M 10 Bronchopneumonia 2
B289 43/M 15 Renal failure 2
B292 42/M 20 Cardiac arrest 4
B293 60/M 33 Asthma 2
B313 43/M 68 Liver cirrhosis 2
B394 64/F 45 Cardiac arrest 5
B406 46/M 72 Pulmonary embolism 4
B407 54/M 56 Cardiac arrest 2
B408 39/F 9 Peritonitis 6
Total Mean Mean Total
13 48 30 37
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Age/
Sex

Death-freezing 
time (hr)

60/F

65/M 20

71/F

75/F

12

24

unknown unknown

Table 2.3 Data on OND cases

Case
number

Diagnosis

Alzheimer's
disease
Alzheimer's
disease

Parkinson's
disease
Parkinson's
disease

SSPE
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Table 2.4 Summary of the CNS location of MS plaque blocks used for 
analysis of mononuclear phagocytes in this thesis. Histological findings 
were shown with H & E to identify areas of inflammation, and ORO staining 
for active demyelination.

Case
code

Location Pathological
classification

HE/ORO* Tissue blocks 
used for 
Chapter (s)

194-13 Cerebellum active plaque +++/++++ 2,4
-35 Periventricular active plaque ++++/+++ 4
-43 Periventricular active plaque +++/++++ 2,4
-63 Occipital pole active plaque ++++/++++ 2
—80 Spinal cord active plaque ++/+++ 2

260-29 Spinal cord chronic plaque ++/— 2
-45 Periventricular chronic plaque +++/— 2
-58 Periventricular active plaque ++/++ 2,5
-62 Periventricular. active plaque ++++/++ 2
-71 Frontal pole active plaque ++/+ 2
-72 Occipital lobe active plaque ++/++++ 2,5

283-15 Pons active plaque +/++ 2
-44 Periventricular active plaque +/+++ 2
-56 Occipital lobe chronic plaque +/- 2,4
-63 Periventricular active plaque ++/+++ 2
-65 Periventricular active plaque ++/+++ 2
-71 Frontal lobe chronic plaque ++/- 2

285- 9 Spinal cord active plaque ++/++++ 2,5
-24 Spinal cord active plaque ++/++++ 2,5
- 6 Spinal cord active plaque ++++/++ 2,4
-41 Periventricular chronic plaque —/— 2

303-45 Periventricular active plaque —/++++ 2,4
-24 Periventricular active plaque —/++++ 2,4
-42 Periventricular active plaque ++/++++ 2,5
-33 Occipital pole active plaque +/++++ 5
— IL Spinal cord active plaque +/+++ 2
-3T Spinal cord active plaque +/++++ 2,4,5
-25 Periventricular active plaque ++/++++ 2,5

306-36 Occipital pole active plaque +/+++ 4,5
306-37 Occipital pies active plaque +/+++ 4,5
307-5T Spinal cord active plaque ++/++++ 5
332-12 Spinal cord chronic plaque -/- 2

-36 Periventricular chronic plaque —/— 2
-37 Periventricular active plaque +/++++ 2,4,5
-38 Periventricular active plaque +/+++ 2,4,5
-40 Periventricular chronic plaque -/- 2
-42 Periventricular chronic plaque -/- 2
-44 Temperal lobe active plaque ++/++ 2
-51 Frontal lobe active plaque —/++++ 4,5

310-23 Frontal lobe active plaque +/+++ 5
338-44 Periventricular active plaque +++/++++ 2

-42 cerebellus active plaque ++/++ 2
-45 Periventricular chronic plaque — /— 2
-67 Periventricular chronic plaque -/- 2

339- 2 Spinal cord active plaque —/+++ 2
-29 Periventricular chronic plaque -/- 2
-34 Periventricular active plaque ++/+++ 2,4
-38 Frontal lobe chronic plaque +++/— 2,4
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Case
code

Location Pathological
classification

HE/ORO* Tissue blocks 
used for 
Chapter (s)

342-17 Periventricular chronic plaque +/- 2
-26 Frontal lobe active plaque ++/++ 2,4
-28 Periventricular active plaque +++/+++ 2
-32 Periventricular chronic plaque ++/- 2,4
-40 Periventricular active plaque ++/+++ 2,4
-44 Periventricular chronic plaque ++/— 2,4

359- 4 Spinal cord active plaque -/++ 2,5
-17 Occipital lobe chronic plaque +/- 2
-22 Periventricular active plaque +/+++ 2,5
-27 Periventricular active plaque +/++ 2
-38 Periventricular chronic plaque ++/- 2,4

380-24 Periventricular chronic plaque +/- 3
-29 Periventricular active plaque ++/++ 3
-93 Spinal cord active plaque -/+ 3

381-29 Fronal lobe active plaque ++/+++ 3
-53 Parietal lobe active plaque +/+++ 3

395- 2 Spinal cord active plaque +/++ 5
- 3 Spinal cord active plaque ++/++ 5
-27 Medulla active plaque ++/++++ 4,5
-42 Pons active plaque ++/+++ 4
-49 Periventricular active plaque ++/++ 4,5
-52 Parietal lobe active plaque ++/+++ 4
-53 Occipital lobe active plaque +++/+++ 4
-59 Frontal lobe active plaque +/+++ 4

396-11 Spinal cord active plaque -/++ 3,4
-56 Periventricular active plaque ++/+++ 3,4
-78 Occipital lobe active plaque +/+ 3,4

397-42 Spinal cord active plaque +/+++ 4

399-10 Spinal cord chronic plaque —/ — 3
400- 2 Spinal cord active plaque +/+++ 4,5

- 4 Spinal cord active plaque -/++ 5
-20 Spinal cord active plaque ++/+++ 3
-61 Frontal lobe active plaque +++/++++ 3,4,5
-62 Occipital lobe active plaque ++/+++ 4,5
—68 Parietal lobe active plaque +/+++ 5
-72 Occipital lobe active plaque ++/++++ 3,5
-73 Occipital lobe active plaque +++/++++ 3,5
-75 Occipital lobe active plaque ++/++++ 4
-76 Corpus callosum active plaque ++/++++ 4,5
-77 Frontal lobe active plaque -/+ 5
-79 Parietal lobe active plaque +++/++++ 4

404-44 Periventricular chronic plaque -/- 3
-50 Corpus callosum chronic plaque -/- 3

405-31 Periventricular active plaque +/++ 3
-70 Spinal cord active plaque -/+++ 3

410-37 Periventricular active plaque ++/++++ 4
-30 Parietal lobe active plaque +/++++ 4

412- 3 Spinal cord active plaque — /+++ 3
-17 Spinal cord active plaque +/+++ 4
—60 Periventricular active plaque — /++ 3
-72 Occipital lobe active plaque -/+++ 3,4
-73 Occipital lobe active plaque — / +++ 4
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Case
code

Location Pathological
classification

HE/ORO * Tissue blocks 
used for 
Chapter (s)

413- 9 Spinal cord active plaque +/+ 3
-41 Periventricular active plaque +/++++ 3
-44 Periventricular active plaque ++/++ 4
-47 Frontal lobe active plaque +/+++ 4
-55 Periventricular active plaque +/++++ 3

414-27 Periventricular chronic plaque -/- 3
-32 Periventricular chronic plaque — /— 3

416-39 Periventricular chronic plaque -/- 4
-41 Periventricular chronic plaque -/- 4
-42 Periventricular chronic plaque -/- 4

Total blocks 110
active plaques 83
chronic plaques 27

* Numbers of inflammatory cuffs in MS plaques stained by H&E were scored
+ to ++++ (a few to many); numbers of ORO macrophages in lesions were
scored similarly.
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Table 2.5 Summary of the location of control tissue blocks 
used for counting analysis, and histological findings with H 
& E and ORO
Brain code Location HE/ORO

215- 5 periventricular —/—
- 9 periventricular —/—

274- 5 frontal lobe —/—
- 7 periventricular —/—

277- 5 frontal lobe +/-
-16 occipital lobe —/—

281-13 periventricular -/-
-21 occipital lobe -/-

284-4L frontal lobe
-9L cerebellum -/-

289- 4 periventricular +/-
-10 corpus callosum —/—

292-11 periventricular —/—
-14 spinal cord —/—
-15 spinal cord —/—
-31 frontal lobe -/-

293-26 periventricular -/-
-34 occipital lobe -/-

313-13 periventricular
-17 periventricular -/-

394-11 periventricular — I—
-15 parietal lobe —/—
-16 periventricular —/—

406-19 parietal lobe -/-
-20 occipital lobe —/—

407-15 periventricular —/—
408-11 cerebellum -/-

-14 periventricular -/-
-15 periventricular —/—
-20 periventricular -/-

Total blocks 30
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2.2.3 TISSUE SCREENING

2.2.3.1 Snap-freezing and section collection
Tissue samples were mounted in OCT compound (BDH Ltd. , 

U.K.) on a cork disc (Slee Ltd., London) and snap-frozen in 
iso-pentane (Analar, BDH) cooled in liquid nitrogen (BOG, 
U.K.). Gelatin-coated microscope slides were prepared by 
immersing clean microscope slides (76 x 26mm, 1.0 - 1.2mm
thick, polished glass and twin frost; R.A. Lamb, London) in a 
solution containing 2mg gelatin and 0.2mg chrome alum (BDH) in 
400ml distilled water, for 20 to 30 seconds (sec). The slides 
were dried overnight at 37°C and stored boxed.

Sections at 8pm thickness were cut at -20°C using a 
Pearse TE cryostat (Slee Ltd.) and collected on gelatin-coated 
microscope slides. Two sections were collected per slide, 
air-dried for 30 min, wrapped in foil and stored at -20°C in 
air-tight polythene bags until used.

2.2.3.2 Haematoxylin and eosin staining
For haematoxylin and eosin (H&E) staining, sections were

fixed in absolute ethanol for 2 min then immersed for 25 sec
in filtered Harris's non-acidified haematoxylin (BDH). The
slides were washed in running tap water for 2 min, 
differentiated in 1% acid alcohol for 2 sec and washed for 
another 5 min, then the sections were stained in 1% aqueous 
eosin for 10 sec to counterstain the tissue. After a tap 
water wash, the sections were dehydrated by passing through 
85% ethanol, 2 X absolute ethanol, cleared in 2 X xylene and
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mounted in DPX (BDH).

2.2.3.3 Oil red 0 staining
The ORO stain for neutral lipids was prepared from 5g ORO 

powder (R.A. Lamb) added to 500ml 60% aqueous triethyl
phosphate (Analar, BDH), heated at 95°C for 5 min with 
continuous stirring. The stain was cooled, filtered and 
stored protected from light. Sections were fixed in 10% 
formalin in PBS for 10 min. After a rinse in 60% aqueous 
triethyl phosphate the sections were stained by immersion in 
the ORO solution for 15 min, then rinsed briefly in 60% 
triethyl phosphate and washed in running water. The sections 
were counterstained with Mayer's haematoxylin (Sigma) before 
mounting in Glycergel (Dako). Clear nail varnish was applied 
around the coverslip to seal the mountant.

2.2.3.4 Microscopic screening
Cryostat sections of the tissue samples were routinely 

viewed under a Leitz Laborlux microscope. Staining with H & 
E shows perivenular inflammatory cuffing and general 
histological structures, and ORO staining demonstrates 
macrophages containing neutral lipids.

White matter classified as apparently normal upon 
dissection was confirmed microscopically if a) there was no 
evidence of demyelination with the ORO stain, and b) an 
absence of perivascular cuffing, foamy macrophages and 
reactive astrocytes when stained with H & E .  MS plaques with 
perivenular inflammatory cuffing and ORO'*' macrophages were



48
classified as actively demyelinating, and chronic lesions were 
hypocellular without 0R0+ cells (Table 2.4). Normal control 
and OND CNS tissue was similarly screened. The control tissue 
contained no evidence of demyelination and had no or very few 
perivascular cuffing except a lesion of SSPE which contained 
active inflammation and demyelination (Table 2.5).

Immunocytochemical staining with MAbs directed against 
glial fibrillary acidic protein (GFAP) and galactocerebroside 
(GC) further confirmed that normal white matter had a strong, 
positive, uniform staining with GC and no astrocytic reaction, 
while patchy or loss of GC staining, astrocytosis and gliosis 
were seen in MS plaques.

2.2.4 IMMUNOCYTOCHEMISTRY

For immunocytochemical staining incubations were 
performed at room temperature in a humidified box to prevent 
sections drying out. PBS was used as a diluent and washing 
agent throughout.

2.2.4.1 Fixation
Cold acetone was used for the avidin-biotin peroxidase 

complex method (ABC) and cold methanol was used for indirect 
immunofIncrescent staining. All the fixations were carried 
out at 4°C for 10 min.
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2.2.4.2 Avidin-biotin complex staining

For ABC staining, sections were brought to room 
temperature and circled with a wax pen (Dako), then fixed in 
cold acetone (4°C) for 10 min and transferred to PBS without 
drying. Sections were incubated for 30 min with 70jul per 
section of 1% bovine serum albumin (Sigma Chemical Co., Poole, 
Dorset) diluted in PBS (BSA/PBS) to block non-specific binding 
of biotin conjugated immunoglobulins to human antigens. The 
excess serum was drained from each section and replaced with 
70;il of the first antibody (diluted as appropriate in PBS) 
(Table 2.6) for 30 min. The slides were washed for 2 min in 
three changes of PBS agitated with a magnetic stirring bar.

Biotin conjugated antibodies (1:200, 70/j1 each section) 
were applied to the sections for 30 min, followed by three 
washes in PBS. The ABC solution was prepared according to the 
manufacturer's instructions 30 min prior to use to allow 
complex formation (Vector Laboratories, Peterborough). The 
sections were incubated with 50^1/section of this solution for 
30 min.

A 0.25% (w/v) stock solution of 3,3'-diaminobenzidine 
tetrahydrochloride (DAB) (Sigma) was prepared in PBS and 
stored at -20°C in 8ml aliquots. Sections were washed and 
incubated in the 0.05% peroxidase substrate for 5 min. To 
prepare the 0.05% peroxidase substrate, a 0.25% aliquot of DAB 
was dissolved in 400ml PBS and 167^1 hydrogen peroxide (0.02%) 
was added. A black reaction product was developed by adding 
0.16g nickel (II) chloride hexahydrate (BDH) to the above 
DAB/PBS solution (400ml) (Newcombe & Cuzner, 1988). After a
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Fable 2.6 Antibodies used for Chapter 2 study
Antibody Specificity

/subclass
Dilution Source & Reference

EBMll
(mouse)

CD68, Pan- 
macrophage/IgGi

1:25 Dako (Franklin et 
al., 1986).

Anti-DR
(mouse)

HLA class II-DR, 
alpha chain/IgGi

1:25 Dako (Adams et al., 
1983) .

Anti-DQ
(FN81-1-1)
(mouse)

HLA class II-DQ 
/IgGĵ

1:500 Drs. F . Vartdal &
S. Funderud, Norway

Ber-MAC3
(mouse)

Mature tissue 
macrophage/IgGi

1:50 Dako (Backe et al., 
1991) .

AlACT 
(rabbit)

Monocyte/macro
phage

1:500 Dako (Papadimitriou 
et al., 1980) .

Clone 17 
(rat)

MBP epitope 123- 
129/IgG

1:500 Dr. N . Groome; 
(Hruby et al., 
1987) .

Clone 2 
(mouse)

MBP epitope 117- 
129/IgGi

1:500 Dr. N . Groome 
(1986) .

Clone 26 
(mouse)

MBP epitope 
69-74/IgGi

1:100 Dr. N. Groome 
(1988a).

Clone 10 
(mouse)

MBP epitope 80-89 
with a cleavage 
at 89-90/IgGza

1:100 Dr. N . Groome 
(1985).

Anti-P28 
(rabbit)

MBP peptide 
pyroglu 75-80

1:500 Dr. P. Glynn; 
(Groome et al., 
1988b).

Anti-GC
(mouse)

Myelin galacto
cerebroside /IgGĵ

1:100 Dr. B. Ranscht 
(1982) .

Anti-GFAP 
(mouse)

Glial fibrillary
acidic
protein/IgGi

1:1000 M.S. Laboratory 
(Newcombe et al., 
1986)

RFD7
(mouse)

Differentiated
macrophage/IgGi

1:10 Royal Free Hospital 
(Poulter et al..
1986)



51
tap water wash sections were dehydrated and mounted in the 

same way as H & E stained sections. No counterstaining was 
performed.

2.2.4.3 Double staining procedure
For double staining, sections were fixed in methanol for 

10 min (4®C), washed in PBS, and then incubated for 30 min 
with 70̂ il per section of 1% BSA/PBS. HLA-DQ (mouse IgG^) 
antibody and HLA-DR (mouse IgGjb) antibody were incubated 
simultaneously, the second layer was biotinylated anti-mouse 
IgGjb (Binding Site, Birmingham) for 30 min, followed by a 
mixture of goat anti-mouse IgG^ fluorescein isothiocyanate 
(FITC) conjugate (Serotec, Kidlington) and rhodamine avidin D 
(Vector) for 20 min. If a mouse antibody was incubated with 
an antibody raised from other species (e.g. rat or rabbit) a 
biotinylated anti-rat or anti-rabbit antibody was used. The 
sections were washed thoroughly in PBS and mounted in 
Citifluor mountant which contains an anti-fading agent (AFl; 
from Kent University, Canterbury).

2.2.4.4 Antibody titrations
Optimal antibody dilutions were established for all 

antibodies used by applying a range of three dilutions to 2 
blocks of active MS plaques, chronic MS plaques and normal 
control white matter, respectively. MAb supernatants were 
usually titered at 1:5, 1:50 and 1:250; MAb ascites were
titered at 1:50, 1:200 and 1:1000; and for purified MAbs
titrations at 1:250, 1:1000 and 1:5000 were used. Polyclonal
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antibodies were titered in dilutions of 1:200, 1:500 and
1 :2000.

2.2.4.5 Quantification of staining
Numbers of positive cells per high power field (HPF; 

magnification X 400; covering 0.19mm^ area) were counted after 
the initial position of each field was located on a 
neighbouring section stained with the EBMll antibody and ORO. 
For each section, two separate fields were counted in normal 
control white matter or in a plaque, its border, and white 
matter about 1mm away from the border. Counting was performed 
on a Leitz Laborlux microscope. Immunofluorescent stained 
sections were examined on the same microscope using a 
selective filter (red/green) attachment. For antibody 
titrations, numbers of positive cells at different dilutions 
were counted in four HPF following a regular pattern over each 
section.

2.2.4.6 Immunostaining controls
Control studies were performed with appropriate dilutions 

of irrelevant mouse antibodies (MAb directed against keratin, 
IgGi, Dako; and IgGg^ antiserum. Sigma) and normal rabbit serum 
(Dako). Additional controls, in which each step in the 
immunostaining procedure was omitted, were included. The 
specificity of polyclonal antibody P28 (1:500) was also
examined by preincubation with the specific antigen (P28 
peptide 250^g/ml; Dr N. Groom, Oxford) for 30 min with 
constant agitation at room temperature. The pre-absorbed



53
antibody and antibody without absorption were applied to MS 
plaques and normal control white matter and stained by ABC 
method.

2.2.5 CELL CULTURE

2.2.5.1 Cell culture media, reagents and conditions
MNC separation was carried out in Earle's balanced salt 

solution without calcium and magnesium (EBSS-Ca^*, Mĝ "̂ ; Gibco 
Ltd. , Paisley). Isolated MNCs were cultured in RPMI-1640 
(Gibco) supplemented with 10% human serum (HS; ICN Flow 
Laboratories, High Wycombe), 2mM glutamine, 100 lU/ml 
penicillin and lOO^g/ml streptomycin solution (Gibco Ltd) 
(RPMI/HS). Natural human IFN-7 made from buffy coat was 
supplied lyophilised in 5 x lO^U vials (Sigma) and was 
reconstituted in 1ml sterile deionized water (DW) and stored 
at -70®C in 50;il aliquots. LPS ( Img/ml in EBSS; Sigma) was 
stored in 1ml aliquots at -20°C. A Img/ml stock solution of 
indomethacin was prepared in dimethyl sulphoxide (BDH) and 
stored at 4°C. Human myelin was isolated by Dr Jia Newcombe 
and stored in 1ml (Img/ml) aliquots at -20°C.

2.2.5.2 Isolation of human monocytes
All procedures were carried out in lamina flow hoods 

(Hepaire, U.K.) under sterile conditions. Human monocytes 
were isolated from fresh buffy coat preparations collected 
from the Blood Transfusion Centre of North London. The buffy 
coat was diluted 1 in 3 with EBSS-Ca^*, Mĝ '*’ and the MNC



54
fraction obtained by density gradient separation on Lymphoprep 
(1.077g/ml; Nycomed Ltd., Birmingham); 6ml diluted blood was 
layered over 4ml Lymphoprep in 16 x 100mm conical based tubes 
(Sterilin Ltd.). After centrifugation at SOOg in a swing-out 
rotor centrifuge (Borvall RT 6000B, DuPont) for 20 min at 
22°C, the MNC enriched interface was harvested and washed 
twice (7 min, 400 g) with BBSS-Ca^*, Mg^*.

Monocytes were enriched by adherence in 80mm^ dishes 
(Sterilin) at 2 X 10® cells/ml in RPMI/HS during 30-min 
incubation in an 95% air/5% COj incubator. Non-adherent cells 
were removed by rinsing three times with EBSS-Câ '*', Mg^^, and 
adherent cells were detached by incubation at 4®C on iced 
water with lOmM disodium EDTA in BBSS-Ca^*, Mĝ "*” for 10 min. 
Cells were removed by gentle pipetting, centrifuged twice, and 
resuspended in RPMI/HS at 5 X 10® cells/ml. The non-adherent 
and adherent cells were counted and the efficiency of recovery 
was evaluated. Monocytes were plated in 96 well microtitre 
plates at 10® viable cells/well for all the assays and 
maintained at 37®C in an 95% air/5% COg incubator. The 
culture medium was replaced after 18 hr when varying 
concentrations of mediators were added.

Cell viability was determined by 0.1% eosin exclusion and 
purity of the monocyte cultures was evaluated by 
immunocytochemical staining with EBM/11 (Table 2.6) on cells 
in eight well tissue culture chamber slides (Nunc-Gibco).
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2.2.5.3 Incubation of cells with mediators

Human monocyte preparations in 96 well microtitre plates 
at 10  ̂ viable cells/well were incubated for up to three days 
with varying concentrations of IFN-7 , LPS or human myelin, or 
with combinations in RPMI/HS which included indomethacin 
(l^g/ml) 18 hr after plating. Control wells containing 
indomethacin in RPMI/HS but no mediators were included.

2.2.5.4 Enzyme linked immunoabsorbant assav
At the end of incubation with the mediators, the medium 

in 96-well plates was removed and the plates were rinsed twice 
with PBS and fixed with methanol (150^1/well, 4®C, 10 min). 
Plates were rinsed twice with PBS and stored at 4®C in 1% 
BSA/PBS (200^1/well) for up to one week. This solution was 
flicked out and the cultures incubated for 60 min at 37®C with 
the first antibody HLA-DR (1:50, Dako) or HLA-DQ (1:250) or 
Ber-MAC3 (1:25, Dako) diluted in BSA/PBS to detect HLA class 
II and Ber-MAC3 antigens, or with similarly diluted anti
keratin antibody (IgG^, Dako) as a control. The microtitre 
plates were washed three times by flooding with PBS and 
flicking out. The second stage consisted of biotinylated goat 
anti-mouse immunoglobulins (ICN Biologicals Ltd.) diluted 1 : 
1000 in PBS, 50/Jl/well, and the plates incubated at 37°C for 
60 min. The reaction was visualized using 2,2'-azinobis (3- 
ethylbenz-thiazoline sulphonic acid) in citrate buffer (Sigma) 
at 50^1/well. After 30 min incubation at 37°C in the 
incubator the plates were read in a Titretek reader (Flow 
laboratories) at 405 nm.
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The assays were all performed in triplicate and each 

represents the mean of three wells. The results for 
individual assays were then meaned to give an overall mean 
OD^Qgnm for each point. Results are presented as the log^Q 
ratio of antigen expression of treated to untreated cells 
which were incubated for the same length of time (Jayaram et 
al., 1989) Standard curve for the absorbance OD45Q on
untreated monocytes at cell density of 5 X 10*, 1 XIO^ and 2 
X 10^/well with 3 dilutions of MAbs HLA-DR, -DQ or Ber-MAC3 
were set up.

2.2.5.5 MTT assay
Estimation of the number of viable human monocytes 

growing in microtitre plates was by the cleavage of the 
tétrazolium salt, 3-(4.5-dimethylthiazol-2-yl)-diphenyl 
tétrazolium bromide (MTT) into blue coloured formazan by the 
mitochondrial enzyme succinate-dehydrogenase. The amount of 
formazan produced is proportional to the number of cells 
present (Denizot & Lang, 1986).

MTT solution at Img/ml in DMEM was made immediately 
before use and filtered through a 0 .22^m filter to remove any 
blue formazan product. The culture medium was removed, and 
100/il Img/ml MTT solution added per well. The culture plates 
were incubated at 37°C for 3 hr. At the end of the incubation 
the MTT solution was flicked out and lOO^il propan-l-ol (BDH) 
was added per well. This was mixed by vigorous pipetting to 
solubilise the formazan and the optical density was measured 
at 550nm in a Titertek plate reader.
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The student's t-test, one way analysis of variance 

(ANOVA) and correlation analysis were used for statistical 
analysis. The level of significance was set to p < 0.05, and 
the level of remarkable significance was p < 0 .01.

2.3 RESULTS

2.3.1 Classification of active multiple sclerosis plaque 
groups on the basis of oil red 0 staining and myelin loss

Based on the distribution and numbers of ORO* phagocytes 
and degree of myelin loss according to GC staining, stages of 
demyelination in active plaques were analyzed using a computer 
database system by Dr Jia Newcombe. Areas of large numbers of 
ORO* foamy macrophages but with relatively normal GC* myelin 
staining in relation to nearby NAWM were described as the 
earliest lesion, and designated Group 1. This was usually an 
area (3 to 8mm in diameter) of hypercellularity, with ORO* 
macrophages evenly distributed (average cell counts of 34) 
(Figs. 2.1a). No GC* myelin loss around ORO* macrophages was 
seen with serial sectioning through the Group 1 blocks, which 
suggests that these areas were not part of the border 
surrounding a typical demyelinating plaque (Fig 2.1b). Group 
2 active plaques were defined as areas with patchy myelin loss 
around large numbers of ORO* macrophages (average counts of 
71) (Fig 2.1c & d) . These plaques were often small focal 
lesions, but could also be seen as larger areas confluent with 
either Group 3 or even Group 4 plaques. Plaque centres of 
Group 3 appeared as a completely demyelinated region and ORO*
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lipids and GC staining were only detectable within a number of 
macrophages (average counts of 23) (Fig 2.le & f ) . Group 4 
active plaques were defined as a hypocellular region devoid of 
0R0+ macrophages and GC staining, which had a macrophage 
profile similar to that of chronic plaques but retaining a 
distinct 0R0+ edge (average counts of 41) (Fig 2. Ig & h) 
(Table 2.7).

A total of 110 blocks with plaques from 27 MS cases were 
analyzed. Of these, 83 contained ORO* active plaques. 11% of 
the total number of active plaques were Group 1; 28% were
Group 2; 24% were Group 3 and 36% were Group 4. Breaking the 
data down further into four groups of increasing disease 
duration, there was little difference between duration 
subgroups for Group 1. The percentage of Group 2 plaques 
decreased as duration increased, while the percentage of Group 
3 and 4 increased as duration increased (Table 2.8). Linear 
regression analysis revealed negative correlation between 
percentage of plaque occurrence and disease duration for Group 
2 (r = -0.68, p > 0.01), whereas for Group 1, 3 and 4 there 
was only a small positive correlation (r = 0.24, r = 0.44 and 
r = 0.42, respectively; p > 0.05).
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Fig 2.1a-h. Classification of active MS plaques on the basis 
of PRO staining and myelin loss, a) Group 1 active plaque from 
brain frontal lobe of MS case 332. Distinct area with ORO* 
macrophages surrounded by apparently normal myelin. Blood 
vessel noted with an asterisk, ORO. b) Group 1 active plaque. 
Sequential section to a. Absence of GC^ myelin loss around 0R0+ 
macrophages. Blood vessel noted with an asterisk, GC. c) Group 
2 active plaque from spinal cord of MS case 194. Focal plaque 
filled with large numbers of 0R0+ macrophages. Landmark blood 
vessel noted with an asterisk, ORO. d) Group 2 active plaque. 
Sequential section of c. Focal plaque with GC'*’ patchy myelin 
loss. Landmark blood vessel noted with an asterisk, GC. e) 
Group 3 active plaque from brain periventricular white matter 
of MS case 342. Large focal demyelinated region with a number 
of ORO+ macrophages. Landmark blood vessel noted with an 
asterisk, ORO. f) Group 3 active plaque. Sequential section of 
e. A completely demyelinated region and GC staining only 
detectable within a number of macrophages. Landmark blood 
vessel noted with an asterisk, GC. g) Group 4 active plaque 
from periventricular white matter of MS case 339. Strong 
border of lipid-filled macrophages (arrows). Hypocellular 
centre of plaque is at the top of the figure. ORO. h) Group 4 
active plaque. Sequential section of g. A distinct plaque edge 
(arrows) shown by GC staining. GC. a-h, X187.
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Table 2.7 Active plaques grouped on the basis of 0R0+ 
macrophage distribution and anti-GC+ myelin loss

Cells/HPF
Group No. of 

blocks
Location GC*

(M0/Q)
ORO EBMll

Group 1:
phagocytic 
macrophages in

9 Plaque +/+ 34b
(67) =

51
±16*

normal-appearing 
white matter

Border +/+ 35
(65)

54
± 9

Group 2 : myelin
laden macrophages 
in plaques with

24 Plaque ++/± 71
(90)

79
±29

myelin loss Border ++/± 83
(99)

84
±31

Group 3 :
demyelinated 
plaques with 
macrophage numbers

20 Plaque +/- 23
(62)

37
±25

intermediate 
between Groups 2 
and 4

Border +/± 58
(92)

63
±35

Group 4: 0R0+ 
border surrounding 
chronic 
demyelinated

30 Plaque —/— 2
(20)

10
±4

plaque Border +/± 41
(89)

46
±18

On the basis of distribution of ORO'*' macrophages and GC'*’ myelin 
loss, eighty-three active plaques listed in Table 2.4 have been 
divided into four Groups.
® Anti-GC immunostaining in macrophages (M0) and in plaques 
( Q) .
 ̂Mean number of positive cells/HPF.
° Percentage of positive cells among total EBMll'*' cells.
 ̂± Standard deviation.
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Table 2.8
A) Percentage of active plaque groups in sample numbers 

Total Group

1 2 3 4

75% 11% 28% 24% 36%
(83/110) (9/83) (24/83) (20/83) (30/83)

B) Duration of MS vs. plague activity
Group

Duration
(yr) 1 2 3 4

< 5 22%
(4/18)

72%
(11/18)

6%
(1/18)

0

6-9 0 15%
(4/26)

38%
(10/26)

46%
(12/26)

10-19 0 17%
(3/18)

28%
(5/18)

56%
(10/18)

20-29 24%
(5/21)

19%
(4/21)

19%
(4/21)

38%
(8/21)
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2.3.2 Optimal dilutions for antibodies EBMll, HLA-DR and HLA-
m

The optimal dilution giving maximum number of positive 
cells in normal control.CNS tissue, was 1:25 for EBMll, 1:250 
for MAb HLA-DR and 1:250 to 500 for MAb HLA-DQ. Compared with 
normal CNS tissue, the number of positive cells per HPF were 
more numerous in active MS plaques for a given dilution of 
EBMll and HLA-DR, and intensity of specific staining was 
greater. In contrast, HLA-DQ+ macrophages were only seen in 
MS plaques (Fig 2.2a & b).

2.3.3 Differential expression of HLA class II determinants in 
multiple sclerosis, other neurological diseases and normal 
control white matter

An average of 77% of EBM11+ microglia were DR"̂  in control 
white matter but only a few perivascular macrophages were DQ+ 
(Table 2.9). DR"*" cells normally had regular microglia outline
but appeared a little larger with more wispy processes (Fig 
2.3a). In NAWM around active plaques, a similar proportion of 
microglia and macrophages was DR"*̂ with stronger staining 
intensity, but significantly more microglial staining for DQ 
was seen. Double staining for DR and DQ showed that DQ 
determinant was expressed within DR'*' cells, whilst varying 
numbers of HLA-DR* cells were not DQ*. In active plaques and 
their borders these DQ* DR* phagocytes accounted for an average 
of 44% and 70% of DR* macrophages, respectively (Fig 2.3b & 
c) . In the white matter about 1mm away from active plaque 
borders an average of 34% of microglia were seen DQ* DR*,
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Fig 2.2. EBMll and anti-HLA-DO antibody titrations. The effect 
of dilution on the quantitation of EBM11+ (A) and HLA-DQ'*’ (B) 
cells in control white matter (Con) and active MS plaques 
(AO) .
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but twice as many DQ"*" DR^ microglia were encountered in white 
matter immediately adjacent to the borders. In Group 1, 2 and 
3 active plaques, large numbers of macrophages were strongly 
DR'*’ and DQ'*’ but the numbers of positive cells decreased in 
Group 4 plaque centre (Table 2.10).

Negligible DQ expression was seen in most control white 
matter sections and in and around chronic lesions. The anti- 
DQ antibody Leu 10 (Becton & Dickinson) stained the same cell 
populations as the FN 81-1-1 antibody. Many CD2+ (Dako) T 
lymphocytes and B cells identified with MAb anti-IgG (Sigma) 
were seen in active lesions, but small round DQ'*' or DR'*' cells 
that may have been lymphocytes or monocytes were observed 
rarely and not counted.

Lesions from OND cases were analyzed qualitatively with 
respect to numbers of EBMll'*', Ber-MACS'*', HLA-DQ'*' and HLA-DR'*' 
cells (Table 2.11). The CNS samples from Alzheimer's and 
Parkinson's disease had a number of positive microglial cells 
for both EBMll and HLA-DR but only small numbers of cells were 
HLA-DQ'*'. In contrast, relatively large numbers of EBMll'*' and 
HLA-DR'*' and -DQ'*' cells were seen in the tissue from SSPE case 
where the brain contained histological evidence of active 
inflammation and demyelination.

2.3.4 Macrophage populations in multiple sclerosis lesions
The pan-macrophage marker EBMll stained cells with two or 

three short, wispy processed and feathery branches typical of 
microglia in normal control white matter. However, EBMll 
antigen was expressed more strongly on enlarged microglia in
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white matter around active plaques, and numerous EBMll'*’ 
macrophages were present in active plaques and borders (Fig 
2.3e) .

In white matter surrounding lesions with 0R0+ 
macrophages, anti-AlACT rabbit antiserum strongly 
immunostained small round monocytes located mostly around 
blood vessels (Fig 2.3d; Table 2.9). No A1ACT+ cells with 
microglial morphology were observed, and on selected sections 
the same staining patterns were seen with a sheep anti-AlACT 
antibody (Serotec). Ber-MAC3+ macrophages were occasionally 
observed in normal white matter within blood vessel walls; in 
active lesions the Ber-MAC3 antibody visualized a number of 
large macrophages which were mostly perivascular, but no cells 
with microglial morphology were stained (Fig 2.3f; Table 2.9). 
Ber-MAC3* and RFD7+ macrophages were mostly found in Group 2 
and 3, whilst in Group 1 there were very few these cells 
(Table 2.10) . When a single section was stained with both Ber- 
MAC3 and HLA-DR or DQ, or Ber-MAC3 and Clone 17 the results 
showed that Ber-MAC3+ cells in lesions were HLA-DR+ and usually 
contained myelin debris, but variable numbers were DQ'*'. RFD7 
and Ber-MAC3 antibodies appeared to stain the same cell 
populations on adjacent sections. There were very few CD2+ T 
lymphocytes in Group 1 but high concentration of T cells were 
observed in Group 2 and the number of T cells was decreased in 
Group 3 and 4.
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Fig 2.3a-f. Immunoperoxidase staining with antibodies against HLA class II 
and macrophage differentiation antigens, a: HLA-DR+ microglia in normal 
brain periventricular white matter of a control case 274, HLA-DR (X750). 
b-c: Group 1 active lesion from periventricular white matter of MS case 
332. Macrophages in the plaque are stained with HLA-DR (b) and HLA-DQ (c) 
(X750). d: Staining with anti-AlACT antibody of small monocytes around a 
blood vessel in white matter at the edge of the Group 1 lesion from 
periventricular white matter of MS case 303, anti-AlACT (X187). e: A Group 
3 cerebellum active plaque (MS case 338) stained with EBMll to show the 
plaque, border and white matter areas (noted with 1, 2 and 3) in which 
cells were counted, EBMll (X 30). f: Ber-MAC3* macrophages in a Group 4 
periventricular active plaque of MS case 342. Positive macrophages were 
mostly perivascular. Ber-MAC3 (X750). No counterstaining.



Table 2.9 Quantitative evaluation of macrophage populations and myelin-containing macrophages in MS and 
control CNS tissues

Macrophage and HLA markers Mvelin markers
DR DQ Ber-

MAC3
AlACT Clone

17
Clone

2
Clone
26 Clone

10
P28 GC

Active
plagues fn=34) 

Plaque 39 17 18 11 18 19 9 7 13 11±33 ±18 ±27 ±15 ±19 ±25 ±10 ±6 ±16 ±16
Border 46 32 31 18 27 22 16 14 17 19±24 ±23 ±35 ±15 ±23 ±19 ±22 ±11 ±16 ±17
White matter 35 12 3 6 5 2 2 6 12 2±14 ±12 ±5 ±8 ±6 ±3 ±4 ±5 ±14 ±4
Chronic
plagues fn=18l 
Plaque 10 1 4 1 1 1 1 1 1 1±8 ±1 ±4 ±1 ±2 ±2 ±3 ±1 ±0 ±1
Border 32 6 8 3 3 2 1 9 11 1±14 ±8 ±8 ±3 ±4 ± 4 ±2 ±13 ±18 ±2
White matter 27 3 2 3 1 0 1 9 10 0±7 ±4 ±2 ±7 ±1 ±1 ±2 ±15 ±17 ±1
Normal
controls (n=17) 
White 30 3 2 2 0 0 0 5 5 0
matter ±9 ±5 ±3 ±5 ±10 ±8

Cells within a HPF were counted after the initial position of each field was located on a neighbouring 
section stained with the EBMll antibody. For each section, two separate fields were counted in normal 
control white matter or in a plaque, its border, and white matter about 1mm away from the border. ± 
Standard deviation.

00



69
Table 2.10 Distribution of macrophage populations and myelin- 
containing macrophages in active plaques grouped on the basis 
of 0R0+ macrophage distribution and myelin loss

Group
HLA and macrophage 
markers

Myelin markers

DR DQ Ber-
MAC3

Clone
17

Clone
2

Clone
10

P28

1 Plaque 54 30 7 40 21 15 39
(n= 5) ±21 ±26 ±4 ±17 ±21 ±12 ±13

Border 50 32 10 38 23 8 35
±17 ±22 ± 3 ±21 ±18 ± 6 ± 9

2 Plaque 79 27 51 20 39 8 8
(n=10) ±24 ±14 ±38 ±24 ±41 ±10 ±7b

Border 83 34 48 25 36 9 12
±31 ±11 ±16 ±19 ±30 ±10 ±11*

3 Plaque 29 21 14 15 9 7 8
(n=ll) ±17 ± 9 ± 9 ± 9 ±10 ± 7 ±12*

Border 49 42 41 33 20 16 5
±37 ±26 ±37 ±24 ±14 ±17 ±6^

4 Plaque 7 1 4 5 8 1 5
(n= 8) ±5^ ±1^ ± 3̂ ± 4̂ ± 8 ± 2 ±6^

Border 30 20 21 25 28 9 12
± 6 ±13 ±12 ±22 ±22 ± 9 ± 9

On the basis of the distribution of ORO* macrophages and myelin 
loss, the 34 active plaques in Table 2.10 have been divided into 
four Groups. ± Standard deviation.

Difference significant at p < 0.05 (®) and p < 0.01 (̂ ) compared 
with Group 1; Student's t-test.
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Table 2.11 Comparison of immunocytochemical staining results 
in MS and OND lesions.

No. of 
blocks

Number of positive macrophages^

EBMll HLA-DR HLA-DQ Ber-
MACS

ClonelT

MS*) 10 +++ +++ +++ ++ +++
SSPE 1 +++ +++ ++ +++ +
Alzheimer's
disease

6 ++ ++ + + +

Parkinson's
disease

4 ++ ++ + + -

 ̂ The number of staining postive macrophages was scored + (a 
few) to +++ (many).

 ̂ MS lesions are with ORO* macrophages and infiltrates.
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2.3.5 Degraded myelin fragments in phagocytes

0R0+ neutral lipids were present in large numbers of 
macrophages in active plaques and their borders. In normal 
control and MS white matter, myelin was stained with 
antibodies against MBP peptides clones 2 and 26, as well as 
myelin GC, but myelin loss was most clearly seen with anti-GC 
staining. As the MBP clone 17 antibody stained parenchymal 
myelin weakly, it visualized macrophages containing myelin 
debris more clearly than the other MBP peptide or GC 
antibodies in apparently normal white matter and Group 1 early 
lesions (Fig 2.4a). In the parenchyma and in blood vessels 
within active plaques and borders, clone 2'*' and 17"̂  granules 
were seen within a relatively high percentage of 0R0+ 
macrophages, compared with small numbers of clone 26'"' and GC'*’ 
phagocytes (Table 2.9). Clones 2, 17 and 26 stained
oligodendrocytes, but these were not counted as they were 
easily distinguishable from the large granular macrophages.

The anti-P28 and clone 10 antibodies only recognize 
neoepitopes generated from MBP degradation within phagocytes 
(Groome et al., 1988). There was no staining of myelin in 
white matter by the clone 10 or anti-P28 antibodies, both of 
which diffusely stained myelin debris in macrophages in 
comparison to the intense staining of granules by clones 2, 17 
and 26 (Fig 2.4b,c,d). With double staining, anti-P28 
visualized small numbers of EBM11+ microglia in control and MS 
white matter. Pre-absorption of the antiserum P28 with 
specific peptides completely blocked staining in white matter 
and plaques, while the P28 antiserum without absorption gave
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Fig 2.4a-d. Immunoperoxidase staining of active plaques with antibodies reacting with intact MBP (clone 17 ̂ or with MBP 
neoepitopes fAnti-p28 and clonelO). a & b; Anti-P28 and clone 
17 staining of myelin debris within macrophages in a Group 1 
plaque. Sequential sections to Fig 2.3b. a; Anti-P28 staining 
of macrophages, but no staining of the myelin surrounding 
these cells, X187. b: A number of macrophages with clone 17 
fine granules. Note the clone 17"̂  myelin staining around these 
cells; X750. c and d: Group 4 plaque. Sequential sections to 
Fig 2.3f. The diffuse staining pattern by the MBP neoepitope 
antibody clone 10 (c) is in contrast to the coarse granular 
clone 17 staining (d) within macrophages, c & d, X750. No 
counterstaining.
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a positive staining in phagocytes and microglial cells. In 
Group 1 most ORO'*' macrophages contained P28*̂  material and 
clone I?"*" granules (Figs 2.4a & c) , and some macrophages were 
clone 10^. The number of positive cells for anti-MBP 
antibodies P28, clone 10, 2, 17 and 26 was decreased from
Group 1 to 4 but macrophages at the border were loaded with 
MBP^ myelin debris (Table 2.10). Compared with MS lesions. 
Clone 17"*" cells were much fewer in SSPE.

2.3.6 Viability and recovery of monocvtes
Monocyte viability determined by 0.1% eosin exclusion was 

> 95% in all experiments. The viable monocyte recovery after 
adherence was 8 ± 2 X 10^ per ml of whole blood and represented 
24% of total monocytes in 450ml blood. The cell population in 
the monocyte cultures was 90% EBMll^.

2.3.7 MTT assav
The ODsscJwas not significantly changed in the range of 

concentrations of IFN-7, LPS and human myelin but slightly 
decreased at 1000 U/ml of IFN-7. Morphologically, cells 
treated with IFN-7 or LPS appeared to be the same as the 
control but incubation with isolated myelin resulted in the 
formation of large cells with granular appearance (Table 
2.12). Cells may become detached at higher concentrations of 
IFN-7 and therefore statistical analyses of the effect of IFN- 
7 on HLA class II and Ber-MAC3 antigen expression were made 
between 0, 10 and 100 U/ml IFN-7.



74Table 2.12 MTT assay for human monocyte survival in vitro. 
Monocytes were plated in 96 well microtitre plates at 10^ 
viable cells/well for all the assays and maintained at 37°C in 
a 95% air/5% CO2 incubator for 72 hr.
Stimulus Concentration OD550nm

Control* - 0.16 ± 0 .03b

IFN-F (U/ml) 10 0.15 ± 0.009

100 0.14 ± 0.03

1000 0.11 ± 0.006

LPS ing/ml) 0.1 0.13 ± 0.01

10 0.13 ± 0.02

Human myelin 
(jug/ml)

0.1 0.15 ± 0.02

"10 0.17 ± 0.04

IFN-F + LPS 10 + 100 0.13 ± 0.01
(U/ml+^g/ml)

LPS + myelin 
(pg/ml+pg/ml)

10 + 10 0.16 ± 0.02

IFN-F + myelin 
(U/ml+jug/ml)

100 + 10 0.17 ± 0.02

® Standard curve OD gsonm made on untreated monocytes plated 
at 5 X 10*, 1 X 10^ and 2 X 10^ and assayed after 72 hr in 
vitro ; the mean OD550 were 0.096, 0.156 and 0.242,
respectively.
 ̂ Standard error of the mean; results are from three 
exeriments.
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2.3.8 Effect of interferon-aamma. lipoDolvsaccharide and 
mvelin on HLA class II antigen expressions

After 24 hr incubation with IFN-7 both HLA-DR and -DQ 
expressions were elevated (Fig. 2.5; 2.6). LPS (O.l-lO^g/ml) 
decreased HLA-DR and -DQ expressions on human monocytes. In 
addition, LPS depressed the response of monocytes to IFN-7 
with respect to expressions of HLA-DR and DQ.

Individually, isolated human myelin at lO^g/ml produced 
a significant increase in HLA class II expression (p < 0.05; 
student's t-test), and in combination with IFN-7 (lOOU/ml) 
this dose had an potentiating effect on HLA expression (p < 
0.01; Fig. 2.6). However, co-treatment of monocytes with 
myelin plus LPS (both lO^g/ml) produced net reductions in HLA- 
DR and -DQ expression.

2.3.9 Effect of interferon-aamma. lipopolysaccharide and 
mvelin on Ber-MAC3 antigen expression

Individually, IFN-7 (10, 100 and lOOOU/ml) had no
significant effect on Ber-MAC3 expression, while LP3 (0.1 and 
lO^g/ml) increased Ber-MAC3 antigen expression; the 
combination of IFN-7 at 10 OU/ml and LSP at lO^g/ml produced 
net reduction in Ber-MAC3 expression (Fig 2.7). Human myelin 
(0.1 and lO^g/ml) appeared to give a small increase in the 
expression of Ber-MAC3 but this was not significant. 
Stimulation of monocytes with both myelin (lOpg/ml) and IFN-7 
(lOOU/ml), however, produced a significant increase in Ber-



Fig 2.5. Time course of HLA-DR, -DO and Ber-MAC3 antigen 
expression on human monocvtes. Human monocytes ( IXlO^/well) 
were assayed by ELISA after treatment for 24, 48 and 72 hr 
with lOOU/ml of IFN-7. The assays were all performed in 
triplicate and the results for individual assays (n = 4-5) 
were meaned to give overall mean OD^ognm each treatment.
Changes in antigen levels are expressed as the ratio of 
treated to untreated cells (log^Q).
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77Fig 2.6. Effect of IFN-7, LPS and human mvelin. and their 
combinations on HLA class II-DR and -DO expression on human 
monocvtes. Human monocytes plated at 1X10^ cells/well were 
treated for 72 hr. The assays were all performed in triplicate 
and the results for individual assays (n = 3-4) were meaned to 
give overall mean for each treatment. Changes in HLA-DR
(A) and -DQ (B) antigen levels are expressed as the ratio of 
treated to untreated cells ( loĝ Q̂ ) .
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Fia 2.7. Effect of IFN-7, LPS and human myelin, and their 
combinations on Ber-MAC3 antigen expression on human 
monocytes. Human monocytes plated at 10^ cells/well were 
treated for 72 hr. The assays were all performed in triplicate 
and the results for individual assays (n = 3-4) were meaned to
give overall mean OD405nm for each treatment.
antigen levels are expressed 
untreated cells (log^g).
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MAC3 expression (p < 0.05). LPS depressed the response of 
monocytes to myelin with respect of Ber-MAC3 expression at the 
concentration of lO^g/ml but co-treatment of monocytes with 
LPS plus myelin and IFN-7 (lO^g/ml, lO^g/ml and lOOU/ml, 
respectively) produced a remarkably significant increase in 
Ber-MAC3 expression (p < 0.01; Fig 2.7).

The mean OD4Q5 for the experimental triplicates is given 
in Table 2.13.

2.3.10 Standard curve and controls
There was a linear relationship between the cell density 

(5 X 10^, 1 XIO^ and 2 X 10^/well) and the absorbance (OD450) . 
Dilution curves of MAbs HLA-DR, -DQ and Ber-MAC3 were parallel 
with those of the standard. For example, in assays on 
untreated monocytes plated at 5 X 10*, 1 X 10^ and 2 X 10^
after 72 hr in vitro. the following standard curve of mean 
OD4Q5 for HLA-DR expression was obtained:

HLA-DR  Cell density foer well)
dilution_______ 5 X 10^ 1 XIO^ 2 X 10^
1:25 0.168 0.197 0.304
1:50 0.140 0.176 0.266
1:250 0.087 0.103 0.162

Overall in vitro experiments cell density used for the 
assay was 1 X 10^/well and the dilution for HLA-DR was 1 : 50; 
for HLA-DQ, 1 : 250 and for Ber-MAC3, 1 : 50.
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Background IgG^ values varied between stimuli used, human 

myelin had a higher background (OD405 = 110) than IFN-7 (OD405 
= 76) or LPS (OD405 = 73) (Table 2.14). However, the
difference in IgG^ binding between human myelin and human 
myelin combined with IFN- 7 or combined with LPS was not 
significant (P > 0.05, one way ANOVA).



Table 2.13 The effect of IFN-y, LPS and myelin on HLA class II and Ber-MAC3 antigen expression by 
human monocytes measured by ELISA and given as mean OD^Qg ± standard error. IgG^ control values are 
included.
MAb 24 Hours 48 Hours 72 Hours

U/ml 0 10 100 1000 0 10 100 1000 0 10 100 1000
(5)“ (4) (5) (4) (5) (4) (5) (4) (4) (3) (4) (3)

HLA-DR .171* .178 .228 .304 .235 .326 .364 .381 .276 .392 .461 .428
.031= .045 .043 .075 .009 .025 .025** .048** .019 .054 .018* .026

HLA-DQ .109 .128 .153 .157 .094 .119 .140 .175 .097 .113 .124 .185
.002 .003 .012 .022 .005 .024 .031** . 044** .011 .022 .026 .033

Ber-MAC3 .103 .106 .107 .126 .092 .097 .092 .092 .091 .093 .094 .098
.007 .009 .008 .011 .006 .008 .006 .004 .004 .006 .005 .006

IgGj .084 .085 .081 .085 .083 .075 .073 .078 .087 .074 .075 .074
.004 .008 .005 .007 .002 .002 .002 .003 .005 .009 .005 .003

LPS 24 Hours 48 Hours 72 Hours
pg/ml

0 0.1 10 0 0.1 10 0 0.1 10
(5) (4) (5) (5) (4) (5) (4) (3) (4)

HLA-DR .159 .176 .173 .232 .148 .135 .256 .141 .105
.018 .026 .033 .010 .0^1 .031 .022 .047 .018

HLA-DQ .115 .110 .104 .094 .095 .082 .097 .096 .085
.006 .009 .011 .005 .008 .007 .011 .021 .011

Ber-MAC3 .101 .105 .108 .090 .096 .103 .094 .110 .115
.005 .001 .006 .005 .008 .009 .005 .012 .012

IgGi .086 .085 .083 .083 .080 .076 .087 .075 .071
.006 .004 .005 .015 .006 .004 .005 .015 .006

each stimulant; mean; ° standard error; * p < 0.05, ** p < 0.01 (t-test after* number of independent experiments for 
one way ANOVA).

00



Table 2.13 The effect of IFN-y, LPS and myelin on HLA class II and Ber-MAC3 antigen expression by 
human monocytes measured by ELISA and given as mean OD^q  ̂± standard error. IgO^ control values are 
included.

IFN-y(U/ml)
+LPS(pg/ml)

24 Hours 48 Hours 72 Hours
0
(4)

0.1+10 10+100 
(4)* (3)

0
(4)

0.1+10
(4)

10+100
(3)

0
(4)

0.1+10
(4)

10+100
(3)

HLA-DR .149* .209 .157 .237 .416 .223 .255 .399 .189
.018= .033 .028 .012 .025 .056 .022 .010 .028

HLA-DQ .109 .116 .098 .096 .131 .100 .097 .098 .084
.002 .020 .006 .005 .041 .017 .010 .020 .009

Ber-MAC3 .098 .104 .119 .094 .120 .125 .094 .103 .116
.050 .010 .012 .040 .011 .018 .005 .002 .009

IgGi .081 .079 .080 .084 .085 .079 .081 .072 .073
.004 .005 .001 .003 .012 .004 .005 .012 .004

72 Hours
Human myelin (pg/ml) Myelin+IFN-y Myelin+LPS Myelin+IFN-y+LPS
0 0.1 10 lO/jg+lOOU/ml j lOpg+lOpg/ml lOpg+lOpg+lOOU/ml
(4) (3) (3) (3) (3) (3)

HLA-DR .226 .291 .422 1.079 .147 .378
.005 .031 .110** .010** .012 .008

HLA-DQ .097 .116 .129 .188 .119 .128
.003 .001 .008 .009** .004 .010

Ber-MAC3 .098 .122 .135* .147* .118 .173**
.006 .003 .014 .005 .004 .008

IgGi .091 .112 .104 .108 .112 .108
.003 .001 .006 .003 .002 .004

one way ANOVA). 03to
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2.4 DISCUSSION

2.4.1 Definition of Plaque activity for studies of the 
aetiopathoaenesis of multiple sclerosis

Earlier descriptions of MS lesions with different 
pathology have depended on the amount and type of myelin 
breakdown products present. In a light and electron 
microscopic study, MS lesions have been classified as acute, 
hypercellular lesions in which numerous lipid macrophages and 
macrophages containing undigested myelin debris are present 
throughout the demyelinated tissue; subacute lesions with 
numerous lipid macrophages present at the edges of the 
demyelinated tissue; and old, inactive lesions with little or 
no evidence of recent myelin breakdown (Prineas et al., 1984). 
This is in line with our classifications of Group 2, 3 and 4 
active lesions as well as chronic plaques. However, at 
present no report has described the Group 1 early lesions 
demonstrated in our study.

Very few detailed descriptions of the earliest phases of 
demyelination in MS exist because of the lack of suitable 
pathological material. A recent classification of the 
earliest lesion is an area of hypercellularity with HLA-DR+ 
macrophages/microglia but without myelin phagocytosis and ORO* 
lipid staining (Sanders et al., 1993). However, as expression 
of HLA class II by mononuclear phagocytes in the CNS is a 
nonspecific reaction to various stimulations and has been 
observed in other neurological diseases, our classification
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based on myelin loss together with the results of HLA-DR and - 
DQ antibody staining appears to be more specific for the 
pathology of MS. At the dissection of group 1 material, no 
plaques or abnormal white matter were visible macroscopically, 
but the areas of white matter containing 0R0+ macrophages were 
detected on staining the first sections cut from these blocks. 
No myelin loss was seen around the individual cells, most of 
which were strongly DQ'*' DR'*' with readily detectable MBP peptide 
staining. Group 1 samples may therefore represent an early 
active stage before the demyelinating process becomes 
macroscopically visible at dissection.

Although no plaques were seen macroscopically in three of 
the Group 2 plaques, variable areas of myelin loss were seen 
microscopically in all Group 2 plaques. In Group 3, myelin 
staining was confined to the debris within macrophages. In 
Groups 1 and 2 the macrophage profiles of the border and the 
plaque were almost identical, but the lesion border was well- 
defined in Groups 3 and 4 as phagocytes appeared to have 
migrated out of the CNS. The distinctive feature of Group 4 
plaques was that 0R0+ macrophages containing readily 
detectable MBP peptides were confined to a hypercellular 
border zone between NAWM and the hypocellular demyelinated 
plaque. These lesions may be old plaques in which the 
demyelinating process has been reactivated or is still in 
progress.

In examining the plaque type burden within each disease 
duration subgroup, it was clear that the overwhelming majority
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of Group 2 within the 5 year or less accounted for the large 
percentage within the total population, that is, patients of 
short disease duration who died from complications resulting 
from a rapidly progressive case of MS or who died from factors 
unrelated to their MS had a higher percentage of active 
plaques. It is very interesting that the percentages of 
plaque occurrence for Group 1 did not significantly change 
over the duration of the disease. It is proposed that the 
initial manifestation of the MS disease process, that is, the 
Group 1 plaque, is persistent. On the other hand, protective 
mechanism could exist in the course of MS since percentage of 
active plaques (Group 2) decreases with time and percentage of 
Group 3 and 4 increases.

The steps necessary to obtain the information needed for 
this descriptive classification are technically 
straightforward, involving the histological stains, H & E and 
ORO and immunocytochemical stain for the myelin marker, anti- 
GC. This classification allows for a conceptualization of 
temporal plaque progression. The focal activation of 
microglial cells could be essential for the subsequent 
transformation into macrophages and infiltration of 
macrophages leading to demyelination, as seen in Group 1 and 
2 plaques. Groups 3 and 4 may be interpreted as continuous 
outward progression from Group 1 and 2. Previous
classifications of plaque tissue as either active or inactive 
is too simplistic in light of the current knowledge of the 
immunological components making up the lesions; our method of
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categorization based on the degree of demyelination and 
immunological activity better distinguishes the active plaque 
types.

2.4.2 Role of HLA-DO and -DR expressions in multiple 
sclerosis lesion formation and growth

Cells that express MHC class II are likely to have 
several roles in the pathogenesis of MS lesions, including 
initiation of lesions by activating autoreactive T cells, 
growth of lesions, and destruction of myelin. As HLA-DO is 
not seen on cells in most control white matter sections, the 
expression of this antigen on enlarged DR"*" microglia in white 
matter around active MS lesions and on macrophage 
subpopulations within Group 1 active plaques may reflect a 
response to cytokines produced locally or entering the 
parenchyma through a damaged BBS. Since cells containing ORO 
and MBP peptides are HLA class II-DQ+ and DR+, myelin 
destruction is probably a function of parenchymal HLA class 
11*̂  phagocytes. A proportion of the microglial cells that 
were both MBP+ and HLA class 11"̂  in white matter adjacent to 
active lesions may have been in the process of transforming 
into phagocytic macrophages. Since cells with the microglial 
morphology are rarely seen in active plaques and borders, HLA- 
DQ may be a marker of early activation or differentiation 
before microglia become phagocytic macrophages.

Differential HLA class II expression is of interest 
because MS appears to associated with particular HLA-DQwl
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(Francis et al., 1987) and HLA-DR2 molecules (Swingler et al., 
1987). If the primary disease gene association in MS is HLA- 
DQ, one could expect a more frequent DQ expression in MS 
lesions than OND groups. DQ molecules might thus be the 
putative restriction elements for presentation of immunogenic 
peptide. Armstrong et al. (1991) have reported that the 
density of HLA-DQ antigen is significantly increased on 
freshly isolated monocytes from patients with active MS, 
compared with normal control subjects, patients with inactive 
MS or rheumatoid arthritis. This would be compatible with our 
finding that only microglial HLA-DQ expression was 
significantly increased in MS compared with subjects with OND 
or cerebral infarcts. Altmann et al. (1991) have suggested 
that the effect of DQ on disease susceptibility may result 
from a special role in shaping the T cell receptor repertoire, 
while the peripheral presentation is through DR. This might 
help to explain a contribution to susceptibility from both DR 
and DQ for the development of autoimmune diseases.

2.4.3 Macrophage populations in multiple sclerosis plaques 
Macrophages expressing the Ber-MAC3 and RFD7 antigens in 

active plaques usually contained myelin debris, and as these 
cells were often located around blood vessels they may be in 
the process of migrating out of the CNS parenchyma. Microglia 
did not express these antigens. The A1ACT+ monocytes 
(Papadimitriou et al., 1980) infiltrating active MS lesions 
were not stained with the DR, DQ, Ber-MAC3 or RFD7 antibodies.
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In vitro the Ber-MAC3 antibody only stained human monocytes 
after they were adherent or stimulated by LPS or human IFN- 7 
(Backé; 1991). Therefore the Ber-MAC3 antigen (a 140 KD 
membrane glycoprotein) (Backe; 1991) and the RFD7 antigen (a 
77 KD protein, Poulter et al., 1986) may both be late 
activation markers for macrophages in MS lesions. This is 
supported by the presence of only small numbers of Ber-MAC3* 
macrophages in Group 1 lesions and borders in comparison to 
the other groups (Table 3.7).

2.4.4 Mvelin basic protein peptides in macrophages and 
microglia

Macrophages containing myelin breakdown products stained 
by the clone 17 (MBP peptide 123-129) and clone 2 (MBP peptide 
117-129) antibodies appeared more numerous in active plaques 
than those detected by clone 26 (69-74) and anti-GC,
suggesting that these peptides are degraded more slowly. The 
neoepitopes recognized by the anti-P28 (74-80) and clone 10 
(80-89) antibodies appeared to be produced early and degraded 
fairly rapidly as the largest numbers of macrophages with 
neoepitope staining were seen in Group 1 samples. The 
variability seen in numbers of phagocytes containing MBP and 
GC breakdown products may result from the presence of 
overlapping sequences and discrete fragments, and differences 
in rates of enzymatic breakdown or phagocyte egress from 
individual lesions. In previous studies carried out in this 
Laboratory, myelin in macrophages was not immunostained with
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antibodies against myelin oligodendrocyte glycoprotein, 
proteolipid protein or cyclic nucleotide phosphohydrolase. It 
is puzzling as these proteins are considered to be less 
sensitive to proteolytic attack than MBP. Possibly the 
antigenic determinants are sequestered within macrophages in 
such a manner that they are not recognized by these 
antibodies.

In chronic plaque borders, white matter adjacent to 
active or chronic plaques and some control white matter 
sections, small numbers of microglia and macrophages were 
positively stained by the anti-P28 and/or clone 10 antibodies. 
The peptide recognized by the anti-P28 antibody is produced as 
the result of MBP cleavage at 73-74 (Glynn et al., 1987; 
Groome et al., 1988b) by a metalloproteinase activity 
identified in human CNS myelin (Chantry & Glynn, 1988b). 
However the peptide recognized by the clone 10 antibody is 
generated by the action of cathepsin D which is present at 
high levels in activated macrophages (Groome et al., 1987). 
The immunocytochemical detection of P28 and clone 10 peptides 
in microglia in normal adult human white matter suggests that 
these peptides are produced during normal MBP catabolism.

MBP degradation within macrophages appeared to occur more 
rapidly than compatible with the appearance of 0R0+ lipids, 
and this observation has also been made using histochemistry 
to demonstrate MBP loss (Adams, 1977). Although it has been 
suggested that 0R0+ cells may remain in a plaque for some time 
after demyelination has ceased (Adams, 1977) the presence of
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MBP peptides in ORO'*' macrophages in all of the plaques 
classified as active in this study indicates that cholesterol 
ester formation is also an early event.

2.4.5 Regulation of HLA class II and Ber-MAC3 antigen 
expression on monocvtes by mediators

The restriction of HLA class II antigen induction on 
monocytes to IFN-7 observed in this study is in line with 
other studies (Jayaram et al., 1989; Armstrong et al., 1991). 
In investigating the effect of cytokines on MHC class II 
expression on microglia, Loughlin et al. (1992) found that the 
capacity of microglia to present antigen is sensitive to IFN-7 
only. Thus IFN-7, a product of antigen-stimulated T cells may 
be important in regulating class II expression on infiltrating 
monocytes and CNS resident microglia and their presentation of 
antigen to T cells at a developing site of inflammation.

LPS has been extensively studied as an activating signal, 
inducing effector functions such as complement-mediated 
phagocytosis (Griffin & Mullinax, 1990) and nitric oxide 
production (Zielasek et al., 1992). The results in this study 
showed that LPS ( 0.1-lO^g/ml ) had no significant effect on HLA 
class II expression by monocytes, but depressed the response 
of monocytes to IFN-7 or myelin with respect to HLA class II- 
DR and -DQ expression. Phagocytosis of myelin by macrophages 
is one of the characteristics of active MS plaques. It is 
interesting to note that isolated human myelin stimulated the 
expression of HLA-DR and DQ and had a more dramatic effect on
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their expression when used in combination with IFN-7. This 
observation may reflect an important relationship between the 
phagocytic and antigen-presenting capabilities of phagocytes 
in vivo.

MAb Ber-MAC3 defines a distinct stage of differentiation 
and activation of monocytes or macrophages. It was generated 
by immunizing mice with human mononuclear splenocytes and 
recognizes a cell surface and cytoplasm glycoprotein which is 
expressed by a small percentage (less than 5%) of fresh 
monocytes and increasingly expressed upon cultivation (Backé 
et al., 1991). Our observation that IFN-7 or LPS had no 
significant effect on Ber-MAC3 antigen expression is in 
contrast to the report by Backé et al. (1991) of the increase 
of Ber-MAC3* cells on cultured monocytes with IFN-7 or LPS. 
An explanation of this apparent discrepancy may be the 
difference in the incubation conditions and the nature and 
concentration of stimulators used in the laboratories. 
However, when monocytes were cultured in medium containing 
human myelin (lOjug/ml) or the combination of myelin v/ith IFN-7 
and LPS, the increase in antigen density and percentage of 
Ber-MAC'*’ cells suggests that expression of this antigen may be 
related to the phagocytic capability of monocytes as well as 
to the production of inflammatory mediators. The maximum 
increase of Ber-MAC3 expression by the stimulation of myelin 
combined with IFN-7 and LPS may reflect an additive effect on 
phagocytic activity by IFN-7 which is reported to stimulate 
FcR expression in microglia and macrophages in vitro (Loughlin
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et al., 1992), and LPS which may induce effector functions 
such as complement-mediated phagocytosis (Griffin & Mullinax, 
1990).

IFN-7 is produced by antigen-stimulated T cells and may 
be present in MS CNS tissue (Hofman et al., 1989). The local 
environment and inflammatory events present during the course 
of demyelination may tightly control stages of macrophage 
differentiation or activation and thus lesion development as 
evidenced by the diverse effects of mediators on phagocyte 
function and HLA expressions.

In summary, a classification of active plaque activity is 
proposed, based on observations of 83 active plaques with
varying numbers of ORO* phagocytes from 27 postmortem MS
cases. Four groups are described according to the degree of 
parenchymal myelin loss stained by anti-GC 
immunocytochemistry. The presence of ORO* macrophages in 
lesions in which myelin loss was not detectable with 
immunocytochemistry was defined as Group 1 early active
plaques. The classification was re-evaluated in relation to 
MBP degradation, HLA class II expression and macrophage 
markers. The co-existence of MBP peptides and ORO* myelin 
lipids in macrophages within Group 1 lesions indicates that 
very recent myelin breakdown has occurred. HLA-DQ may be an 
early activation marker as it is expressed on macrophages in 
Group 1 lesions and on microglia around active MS lesions, 
while Ber-MAC3 and RFD7 appear to be markers of mature
macrophages mostly seen in Group 2, 3 and 4 active plaques.
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In vitro experiments indicated that expression of HLA class II 
and Ber-MAC3 antigens was regulated by inflammatory mediators 
and myelin phagocytosis. Our classification of active plaque 
activity into four groups of early to late stage reflects the 
dynamic nature of the MS disease process. The pronounced 
phenotypic differences exhibited by microglia and macrophages 
in different groups and in the different locations in MS 
plaques indicate a diversity of function of macrophage 
subpopulations.
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CHAPTER 3

A  COMBINED HISTOCHEMICAL AND IMMUNOCYTOCHEMICAL STUDY 
OF MULTIPLE SCLEROSIS AND EXPERIMENTAL ALLERGIC 
ENCEPHALOMYELITIS LESIONS AT DIFFERENT STAGES OF

DEVELOPMENT

3.1 INTRODUCTION

Studies on activation mechanisms for macrophages have 
revealed the involvement of several cytokines that influence 
the production of degradative enzymes within phagocytes in 
demyelinating diseases (Opdenakker & Damme, 1994). 
Elevations of lysosomal enzymes such as acid phosphatase 
(ACPase) have been reported in the MS plaque and periplaque, 
and the hypothesis that these enzymes are implicated in the 
evolution of the demyelinating lesion has received 
considerable attention (Banik, 1992). Various cellular 
origins for such enzymes have been suggested (Hallpike et 
al, 1970/ Kirsch et al., 1976; Cuzner et al., 1976; Nakajima 
& Kohsaka, 1993), but the major and earliest cellular source 
of lysosomal enzymes in MS lesions has not been resolved.

A number of enzyme activities have been implicated in 
microglia and macrophage activation, e.g. leukocyte elastase 
and 5'-nucleotidase, which have been considered to be 
functionally important for microglia and neurotransmission 
(Kreutzberg et al., 1978; Werb et al., 1986; Schoen et al., 
1992), and also NDPase, a zinc metalloenzyme mostly seen in 
microglia, which has a role in polysaccharide synthesis and
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neurotransmitter metabolism (Borgers et al., 1991). 
Lysosomal enzyme activities in mononuclear phagocytes can be 
detected by ACPase histochemistry, while alkaline 
phosphatase (ALPase) may be an enzymatic marker of the EBB 
as it is one of the components of the enzymatic barrier that 
controls and facilitates transport of various phosphate 
esters and phosphate ions (Meyer et al., 1990; Vorbrodt et 
al., 1994). However, most of these enzyme activities are
also found in neuronal cytoplasm or in other glial cells in
the CNS (Ibrahim & Adams, 1963; Esiri & Booss, 1984) which 
has made detection of parenchymal macrophages difficult.

In order to examine whether enzymatic diversity of 
phagocytes occurs early in the pathogenesis of inflammatory 
demyelination, the following questions were asked: 1) Are
changes of enzyme activities within phagocytes and
endothelial cells in MS lesions associated with stages of 
plaque development? 2) Can specific enzyme markers 
distinguish acitvated microglia from haematogenous 
macrophages in the early stages of plaque evolution? Using 
enzyme histochemistry combined with immunological markers, 
the histochemical and immunological characteristics of 
phagocytes and other cell types in MS lesions at different 
stages of development have been identified in this study. 
In an attempt to distinguish activated microglia from 
infiltrating macrophages in active MS lesions, NDPase
histochemistry was used as a specific marker for microglia 
(Fujimoto et al., 1987, 1989), and NSE was used as a marker 
of haematogenous monocytes and macrophages (Adams, 1981;
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Esiri & Booss, 1984). To study the natural history of 
enzyme activities in inflammatory lesions, histochemical 
changes were also examined in the CNS of Lewis rats at 
different stages of acute EAE.

3.2 MATERIALS AND METHODS

3.2.1 Central nervous system tissue

A total of 44 tissue blocks were sampled from the 16 MS 
cases in the Chapter 3 study (Table 2.2). In normal control 
groups one or two tissue blocks were taken from different 
regions of brain and spinal cord of 10 cases, and in the OND 
group several samples were taken from the lesion or away 
from the lesion of 5 cases (Table 2.3, 2.5).

Cryostat sections (8pm) cut from each block were
stained with H & E and ORO. Thirty-six MS plaques with
perivenular inflammatory cuffing and ORO+ macrophages were
classified as actively demyelinating, and eight chronic MS 
lesions were hypocellular without ORO+ cells (Table 2.4). 
Active plaques were further divided into four groups 
according to the distribution of 0R0+ macrophages and myelin 
loss shown with anti-GC staining (see section 2.3.1).

3.2.2 Non-central nervous system tissue

Samples of spleen and lymph nodes were studied to
establish optimal staining conditions and to provide control
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tissue containing macrophages. Leptomeninges from MS and 
control cases and blood cytospins were also studied.

3.2.3 Induction of active experimental allergic
encephalomyelitis

Female Lewis rats (160-180 g) were given subcutaneous 
inoculation with 50^1 guinea pig MBP emulsion in each hind 
foot. This emulsion consisted of MBP (Img/ml), Mycobacterium 
tuberculosis (5mg/ml) and Freund's complete adjuvant (25%, 
v/v) in 0.0IM PBS. Control animals received no treatment. 
Animals sensitized for EAE developed clinical signs 9-14 days 
after inoculation. After 10, 14, 19 and 22 days the brain and 
spinal cord of 2 to 4 animals were removed. The spinal cord 
was cut into three segments, the top (cervical and part of the 
thoracic region), middle (thoracic and part of the lumbar 
region) and bottom (lumbar and sacral) of the spinal cord. 
The brain and spinal cord were frozen on dry ice and stored at 
-80°C.

CNS tissue of acute EAE and normal rats were kindly
provided by Mr. Adrian Hewson and Miss Karen Mosley in the
Multiple Sclerosis Laboratory, London.

3.2.3.1 Scoring
The severity of the disease was assessed using a scale 

from 0 to 3. Scoring was performed by two observers as 
follows: 0 = normal; 1 = flaccid tail and weight loss; 2 = 
hind limb hypotonia with further weight loss and 3 = partial 
or complete hind limb paralysis.
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3.2.3.2 Histological analysis

A total of 48 tissue blocks were examined from 12 animals 
at various clinical stages of EAE and in the normal control 
group two or three blocks were taken from spinal cord and 
brain of each of three animals. Complete cross sections of 
the brain and longitudinal or transverse serial cryostat 
sections {Spim) of each segment of the spinal cord were picked 
up on alternating slides to be studied with different 
antibodies and histochemical reactions.

The inflammatory response was quantified in H & E stained 
sections of spinal cord and brain. The histologic severity 
was expressed by the number of inflammatory foci, defined by 
the presence of a cluster of 15 or more MNC in one blood 
vessel (Ohmori et al., 1992). To determine the number of 
inflammatory foci at different levels of one spinal segment, 
three longitudinal sections were respectively picked up at 
intervals of every 10 sections (lO^m thick) from three EAE 
animals. Also the histological severity in different spinal 
cord regions was compared using complete longitudinal 
sections. For each comparison the number of inflammatory foci 
were counted in the whole length of the section.

3.2.4 Histochemical staining
Enzyme histochemistry was performed on cryostat sections 

(8jum) on gelatin-coated slides. The following enzyme 
activities were detected:
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3.2.4.1 Nucleoside diphosphatase

The mechanism of this staining reaction is that inorganic 
phosphate released from the substrate inosine 5'-diphosphate 
(IDP) by the enzyme NDPase is precipitated as lead phosphate, 
which is converted to visible brown lead sulfide by treatment 
with ammonium sulfide.

Histochemical demonstration of NDPase activity was 
carried out with the method of Castellano et al. (1991) with 
some modifications. Unfixed cryostat sections were incubated 
for 30 min at 37°C with lOOp^/section of NDPase solution 
prepared by dissolving 25mg of the sodium salt of IDP (Sigma) 
in 0.7ml of DW, followed by addition of 1ml 0.2M TRIZMA buffer 
(Sigma) (pH 7.4), 0.5ml of 20% Polypep 5115 (Sigma), 0.163ml
of 1.5% MnClj (BDH) and 0.1ml of 3% Pb(N03)2 (BDH), in this
order. The solution was filtered and used immediately. The 
sections were washed in O.IM TRIZMA buffer (pH 7.4) for 3 X 30 
min and incubated with 2% ammonium sulfide (20wt %; Aldrich 
Chemical Co. Ltd., Dorset) in a fume cupboard for 2 min at 
room temperature. After DW rinses, sections were fixed in 10% 
formalin-PBS for 10 min at room temperature and mounted in 
Glycerogel (Dako). The nuclei were lightly counterstained 
with haematoxylin gill No. 3 (Sigma).

To assess the efficacy of Polypep 5115, a colloid
stabilizer, in the maintenance of soluble NDPase in the
cytoplasm, three sections from each of 2 active plaques and 2 
normal white matter samples were used. Of the three sections, 
one was incubated with normal reaction medium lacking Polypep 
5115 and two with the medium plus 20% or 40% of Polypep 5115
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for 30 min.

Stock solutions of 20% and 40% of P5115, 1.5% of MnClj 
and 3% of Pb(NOg )2 in DW were prepared and stored at 4°C for 
up to one month. The control experiments were performed as 
follows; 1) incubation in a medium lacking IDP substrate or 
manganese chloride as activator, 2 ) incubation using uridine 
5 '-diphosphate sodium salt (Sigma) as substrate, 3) incubation 
with a complete medium with 25mM p-chloromercuribenzoic acid 
to inhibit NDPase, 4) incubation with a complete medium with 
lOmM sodium fluoride (an inhibitor to ACPase and NSE), or 
0. 5mM levamisole (an inhibitor to ALPase), 4) pre-heated 
sections (90®C for 5 min), and 5) incubation periods of 10 
min, 30 min, 1 and 2 hr on selected sections.

3.2.4.2 Nonspecific esterase
NSE was detected using an alpha-naphthyl acetate esterase 

kit with the procedure supplied (No. 91-A, Sigma). Unfixed 
sections were incubated for 15 min at 37°C in a mixture 
(100^1/section) of a-naphthyl acetate in the presence of 
freshly formed diazonium salt. Enzymatic hydrolysis of ester 
linkages liberated free naphthol compounds which couples with 
the diazonium salt to form grey to black deposits at sites of 
enzyme activity. Sections were then rinsed with DW, fixed in 
10% formalin-PBS, washed in tap water and mounted in 
Glycerogel (Dako). The sections were lightly counterstained 
with haematoxylin gill No. 3 (Sigma).

To inhibit the NSE reaction, sections were incubated for 
30 min with 100^1/section of lOmM sodium fluoride in DW at
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room temperature. The excess solution was drained from 
sections and replaced with 100^1 of the complete medium to 
which lOmM sodium fluoride was added and incubated for 15 min. 
On selected sections incubation periods of 10, 15 and 30 min 
were carried out.

3.2.4.3 Acid phosphatase
Using the procedure supplied with a ACPase detection kit 

(No. 387, Sigma), unfixed sections were incubated with 100^1 
of a solution containing naphthol AS-Bl phosphoric acid and 
freshly diazotized fast garnet GBC at 37 °C for 30 min. 
Naphthol AS-Bl, released by ACPase enzymatic hydrolysis, 
couples immediately with fast garnet GBC forming insoluble 
maroon dye deposits at the sites of activity. After a rinse 
in DW the slides were lightly counterstained with haematoxylin 
gill No. 3 (Sigma), rinsed in tap water, then fixed in 10% 
formalin-PBS for 10 min at room temperature and mounted in 
Glycerogel (Dako). Control experiments included incubation 
without the substrate, or incubation with the complete medium 
to which lOmM sodium fluoride was added to inhibit ACPase. 
Incubation periods of 10 min, 30 min and 1 hr were carried out 
on selected sections.

3.2.4.4 Alkaline phosphatase
ALPase activity was demonstrated using the procedure 

supplied with a ALPase kit (No. 86, Sigma). Unfixed sections 
were incubated in a solution (100^1/section) containing 
naphthol AS-Bl phosphate and freshly prepared fast blue BB
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salt buffered at pH 9.5 with 2-amino-2-methyl-1, 3-propanediol 
at 37®C for 15 min; sites of activity were blue. After DW 
rinse the slides were fixed in 10% formalin-PBS for 10 min at 
room temperature, washed in tap water and mounted in 
Glycerogel (Dako). Control experiments included incubation 
without the naphthol substrate, or incubation with a complete 
medium to which 0.5mM levamisol was added to inhibit ALPase. 
Incubation periods of 15 and 60 min were carried out on 
selected sections.

3.2.4.5 Leucocyte elastase
Incubation for histochemical demonstration of leucocyte 

elastase activity was carried out with the azo-coupling method 
(Lojda et al., 1991). Unfixed cryostat sections were 
incubated for 10 min at 37°C in the solution prepared by 
dissolving 25mg of naphthol AS-D chloroacetate (Sigma) in 
0.5ml of N ,N-dimethylformamide (Sigma), followed by addition 
of 10ml of O.IM TRIZMA (pH 6.9) containing lOmg of Fast Blue 
BB (Sigma). The solution was filtered and used immediately. 
After washes in DW, they were mounted in Glycerognl (Dako). 
The resulting positive cells were blue. No counterstaining 
was performed. The control experiments were performed as 
incubation in the medium without substrate.

3.2.4.6 5"-Nucleotidase
This enzyme specifically catalyses the hydrolysis of 

phosphate esters on the carbon-5 of ribonucleotides and of 
deoxyribonucleotides. The 5'-nucleotidase examined acts
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optimally at between pH 7.5 and 9.0 (Chayen & Bitensky, 1991).

Incubation for histochemical demonstration of 5'- 
nucleotidase activity was performed with the calcium method 
(Chayen & Bitensky, 1991). Unfixed cryostat sections were 
incubated for 30 min at 37®C in the solution prepared by 
dissolving 4mM of the adenosine 5 '-monophosphate disodium salt 
(Sigma), 340mM of calcium chloride dihydrate (BDH), 0.06mM of 
manganese chloride (BDH) and 0.ImM of L-p-bromotetramisle 
oxalate (BDH) in O.IM TRIZMA (pH 8.0). Bromotetramisle was 
used to inhibit ALPase activity in the CNS tissue. The 
solution was used immediately. After washing in DW, sections 
were immersed in a 0.1% solution of cobalt nitrate for 5 min; 
washed in DW and incubated with 2% ammonium sulfide (BDH) for 
2 min at room temperature, lightly counterstained with 
haematoxylin gill No. 3 (Sigma) and mounted in Glycerogel 
(Dako). The resulting cobalt sulphide reaction product was 
black. The specific activity control was the addition of 
0.02M nickel chloride to the full reaction medium to inhibit 
the enzyme activity.

3.2.5 Combined histochemical and immunocvtochemical technique
In order to identify the phenotype of cells expressing 

specific enzyme activities, combined histochemistry and 
immunofIncrescent staining was performed using ACPase, NSE, 
NDPase, 5'-nucleotidase or elastase with MAbs EBMll (Dako) and 
GFAP (Newcombe et al., 1986). Selected sections were also 
stained with histochemistry for ACPase or NDPase combined with 
immunofluorescent staining for RM3/1 (Serotec) or Ber-MAC3
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(Dako) (Table 2.6, 3.1). Lipid-containing macrophages were 
identified by combined ORO staining with immunofluorescent 
staining for EBMll. Unfixed sections were first stained with 
ORO for 2 min, washed in PBS 3 times and then immunostained 
with EBMll antibody, followed by incubation with an anti-mouse 
IgGi FITC conjugate. The sections were fixed in 10% 
formalin/PBS for 10 min, washed in DW and mounted in Cityfluor 
(City University). To study the proportion of endothelial 
ALPase'*’ blood vessels, the enzyme reaction was combined with 
immunofluorescent staining for an anti-collagen IV MAb (1:100; 
Dako) to show the matrix of blood vessels, or with an 
endothelial marker, anti-factor VIII MAb (1:100; Dako) (Table 
3.1) .

Unfixed cryostat sections were incubated with 1% BSA/PBS, 
the first antibodies, a biotinylated antibody and avidin-FITC 
conjugate (Vector), respectively as described in Section 
2.2.4.3. After the final rinse in PBS (pH 7.4), the sections 
were immediately processed for the enzyme reactions. Sections 
were mounted in Citifluor AFl (City University, Kent). If 
necessary, lightly counterstaining with Mayer's haematoxylin 
was performed.

In the CNS parenchyma of normal or EAE rats, 
histochemical staining for ACPase, NSE or NDPase was combined 
with immunofluorescent staining for 0X42 (Serotec), an MAb 
against rat CR3 to show all phagocytes. Selected sections 
from the spinal cord of rats with acute EAE were double 
stained with MAb EDI (Serotec), a marker for rat monocytes and 
macrophages. To investigate endothelial ALPase reaction, the
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enzyme histochemistry was combined with immunofluorescent 
staining for an anti-laminin MAb (Dako), a marker for the 
extracellular matrix of blood vessels (Table 3.1, 2.6).

3.2.6 Quantification
Numbers of single-positive and double-positive cells were 

examined simultaneously using a selective filter attachment on 
a Leitz Laborlux microscope. For MS plaques, the initial 
position of each field was located on a section stained with 
EBMll and ORO. For EAE lesions, the initial position of each 
field was located on a section stained with H & E. For each 
section of normal white matter, two separate fields were 
counted, and two separate fields were counted in a lesion and 
its border. To determine the extent of focal endothelial 
ALPase loss in MS plaques, numbers of single or double 
positive (ALPase'*’ anti-factor VIII* or ALPase’*’ anti-collagen 
IV*) blood vessels in four HPF were counted. For EAE lesions, 
numbers of anti-laminin* or ALPase* anti-laminin* blood vessels 
in four HPF were counted.

All data were evaluated statistically by the Student's t- 
test and correlation analysis. The level of significance was 
set to p < 0.05, and the level of remarkable significance was
p < 0 .01.
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Table 3.1 Additional antibodies used for study in Chapter 3

Antibody Specificity
(subclass)

Dilution Source

Human tissue

Anti
collagen IV

Anti
factor VIII

Rat tissue

0X42

EDI

Type IV collagen in the 
matrix of blood vessels 

(IgGi)

Endothelial cells 
(IgGi)

CR3/C3bi receptor 
(IgGza)

1:100 Dako

1:100 Dako

1:500 Serotec

Monocytes and macrophages 1:500 Serotec

0X19

Anti-
laminin

T lymphocytes 
(IgGi)

Laminin in the matrix 
of blood vessels 

(IgGi)

1:500 Serotec

1:100 Dako
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3.3 RESULTS

3.3.1 Effect of fixation
Different enzymes have varying sensitivities to fixation. 

NSE and NDPase were most sensitive to citrate-acetone- 
formaldehyde fixative (Sigma) for 25 sec at room temperature, 
while the activities of ACPase, ALPase, elastase and 5'- 
nucleotidase were less affected by the fixation (Table 3.2). 
Citrate-acetone-formaldehyde fixative was made up according to 
the instructions for the Sigma kits of ACPase, ALPase and NSE. 
To 25ml citrate Solution (No.91-5; Sigma), 65ml of acetone and 
8ml of 37% formaldehyde were added. The fixative was stored 
in a glass bottle at 4®C for up to 2 months.

3.3.2 Optimal incubation time for both enzvme and antibodv 
staining

One cryostat section of active plaque from each of 4 MS 
and white matter of 3 normal control brains or spinal cords 
was used to establish the optimal incubation time for the 
enzyme histochemistry and FITC immunocytochemistry At each 
time point the number of enzyme'*' FITC* cells/vessels on the 
same sections were enumerated and the results expressed as 
proportion of double positive cells among total EBMll* cells 
or double positive vessels among total anti-collagen IV* 
vessels. Staining intensity for enzymes was also scored as 1 
(faint) to 4 (very strong).

Generally, incubation in the standard medium for 10 min 
revealed only a small amount of the reaction product whereas
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Table 3.2 Sensitivity of enzymes to citrate-acetone- 
formaldehyde^ fixation on cryostat sections of 10 active 
plaques and 10 normal control white matter blocks.
Enzyme Fixation Number of positive 

cells or vessels^
Staining
intensity^

NSE + + ++
— +++ +++

NDPase + + +
- +++ +++

ACPase + +++ ++
- +++ +++

ALPase + +++ ++
- +++ +++

Leukocyte + + ++
elastase - + ++
5'- + + +
Nucleotidase — ++ ++

 ̂Citrate-acetone-formaldehyde fixative was made up according 
to the instructions for Sigma kit No. 387. Fixation of 
cryostat sections was carried out at room temperature for 25 
sec.
 ̂ Numbers of positive cells were scored + (a few) to +++ 
(many).
 ̂Intensity of staining was scored + (faint) to +++ (strong).
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an 1 hr incubation resulted in large amounts of coarse 
precipitate. In the case of NDPase when the incubation time 
was increased to 2 hr, a precipitate formed in the medium and 
also settled upon sections. As the cells became more 
intensely stained by the enzyme histochemistry, it became 
increasingly difficult to observe FITC+ cells. Hence, the 
optimal incubation time was always decided on a high 
proportion of FITC+ cells with appropriate histochemical 
staining intensity. The same enzyme reaction patterns were 
obtained in the combined immunofluorescence/histochemistry 
tests as compared with sections which had been treated 
separately for immunofluorescent or histochemical staining. 
Figure 3.1 shows the optimal incubation time for ACPase, NSE 
and NDPase reactions when combined with EBMll MAb 
immunofluorescent staining.

The colloid stabilizer Polypep 5115, a partially degraded 
collagen, has been found to be effective in retaining soluble 
enzymes within the sections during histochemical reactions 
(Chayen & Bitensky, 1991). In the NDPase reaction, addition 
of Polypep 5115 into the incubation medium significantly 
increased numbers of positive cells and enhanced staining 
intensity as compared with the reaction without the stabilizer 
(Table 3.3).

3.3.3 Effect of death-freezing time on enzyme activities
A total of 20 tissue blocks from active or chronic MS 

plaques and normal control human CNS tissue were analyzed 
quantitatively with respect to the proportion of cells
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Fi?-3'1 '— Effect_of incubation time on quantitation of EBMll 
F%TC— enzyme— cells in normal control white matter and a c tiv e  
MS plaques. Combined histochemistry and immunofluorescent 
staining with EBMll was carried out on 4 active MS plaques for 
ACPase and NSE enzyme reactions and on 3 blocks of normal 
white matter for NDPase staining. Results are expressed as 
5!5?nfGrcentage of enzyme+ EBM11+ cells per HPF among total 
EBMll macrophages (a ). Enzyme staining intensity ( a) was 
scored 1 (faint) to 4 (very strong). * The incubation time selected for this study.
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Table 3.3 Efficacy of Polypep 5115 on maintaining soluble 
NDPase in unfixed cryostat sections of 2 active plaques and 2 
normal control white matter blocks

Concentra
tions of 
Polypep 
5115 (%)

Numbers of Incubation Numbers of 
sections time (min) positive 

at 37°C cells*
Intensity of 
staining^

20

40

30

30

30

+4-4-

+++

+++

+++

* Numbers of positive cells were scored + (a few) to +++ 
(many).
 ̂Intensity of staining was scored + (faint) to +++ (strong).
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expressing enzyme activities in relation to time interval from 
death to snap-freezing (death-freezing time). In each 
instance, enzyme activities in normal control samples were 
lower for ACPase and NSE and higher for NDPase and ALPase than 
those in MS plaques. There was no correlation between the 
proportion of enzymecells and death-freezing time (ACPase: 
r = 0.35; NSE: r = -0.15; ALPase : r = -0.36; NDPase: r = - 
0.31; p > 0.05). Figure 3.2 shows the proportion of ACPase* 
EBMll* cells among total EBMll* mononuclear phagocytes in 
normal and MS tissue relevant to the death-freezing time.

3.3.4 Enzymes in human normal control white matter
In normal white matter, cells displaying weak to moderate 

ACPase activity were randomly distributed. Using immunofluo
rescent staining for EBMll and anti-GFAP antibodies combined 
with the ACPase technique, about 25% of ACPase* cells were 
EBMll* microglia (Fig 3.3a & b), 4% were GFAP* astrocytes and 
70% of ACPase* cells were neurons or other cells. Weak to 
moderate NDPase activity was observed in a number of highly 
ramified cells with thin cytoplasmic processes (lig 3.4a). 
These cells were shown to be microglia by double 
immunolabelling with EBMll (an average of 80% of EBMll* 
microglia). NDPase activity was also observed in blood 
vessels and a number of neurons but not in GFAP* astrocytes. 
A few small round NSE* EBMll* cells were observed in the 
perivascular space but microglia did not express either NSE in 
the parenchyma. There was a weak to moderate dense neuropil 
staining for 5'-nucleotidase activity in normal CNS tissue
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Fia 3.2. Correlation of ACPase* EBMll* macrophage numbers with 
death-freezing time. Results are expressed as the percentage 
of ACPase* EBMll* macrophages among total EBMll* cells in 8 
active MS plaques (A), 4 chronic plaques (C) and 8 normal
white matter (W). r = 0.10, p > 0.05.
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Fig 3.3. ACPase and ALPase enzyme activity in normal human 
control CNS tissue, a & b: Normal brain periventricular white 
matter of control case 215. Combined histochemical and 
immunofluorescence analysis with (a) ACPase in combination 
with (b) MAb to microglia and macrophages (EBMll-FITC) showing 
a number of ACPase* EBMll" neurons (arrows) and ACPase" EBMll 
microglia (arrow heads). c & d : Normal white matter from
parietal lobe of control case 292. Combined histochemical and 
immunof luorescent analysis with ALPase (c) in combination with 
MAb anti-collagen IV (d) (FITC). Endothelial cells in venules 
are strongly stained by the ALPase reaction (arrow) and co
located with anti-collagen 
X750.

IV*" blood vessels (arrow), a-d.
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with little detectable cellular staining. There was no 
leukocyte elastase* cells in normal white matter. Endothelial 
ALPase activity was exhibited on about 93% of anti-collagen 
IV* blood vessels (Figs 3.3c & d).

3.3.5 Enzyme activities in multiple sclerosis plaques

3.3.5.1 Nucleoside diphosphatase
There was an increase in intensity of NDPase staining 

within EBMll* macrophages in Group 1 and 2 lesions (Figs 3.4b 
& c) but a marked loss in the proportion of NDPase* 
macrophages was observed in all groups of active plaques as 
well as in chronic lesions (Table 3.4). With a combination of 
NDPase histochemistry and immunofluorescent staining for 
EBMll, the morphological transformation from ramified 
microglia into large, round activated macrophages was seen in 
white matter adjacent to active plaques. Blood vessels and 
possibly cells in the perivascular space were also NDPase*.

3.3.5.2 Nonspecific esterase
Group 1 early plaques contained none or few NSE* cells, 

in contrast to Group 2, 3 and 4 active lesions in which there 
were an average of 50% of macrophages strongly positive for 
NSE (Figs 3.4d,e,f; Table 3.4). These NSE* cells were found 
not only in blood vessels but also in the centre and border of 
active lesions, and varying staining intensity in NSE*/EBM11* 
phagocytes were observed. Large intensive NSE* cytoplasmic 
granules were concentrated within large numbers of round to
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Fia 3.4. NDPase and NSE activity in normal white matter and 
active MS plagues, a: Normal white matter from brain frontal 
lobe of control case 274. Microglia are stained by NDPase 
histochemistry (arrow), b & c: Group 2 active plaque from
spinal cord of MS case 285. Combined histochemical and 
immunof luorescent staining with b) NDPase and c) MAb to 
macrophages (EBMll, FITC). A number of round cells with strong 
NDPase activity are double labelled with EBMll (arrows), d: 
Group 1 active plaque from the frontal lobe of MS case 332. 
The NSE activity is negligible in most macrophages (arrow), e 
& f: Group 3 active plaque. Sequential section to Fig 3.5c. 
Combined histochemical and immunofluorescence staining with e) 
NSE and f ) MAb EBMll (FITC) . Large numbers of NSE+ cells in 
the plaque are double-labelled with EBMll (arrows), a-f, X750. 
No counterstaining.

m
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Table 3.4 Mean number of enzyme* antibody* cells per HPF stained with the 
combined histochemistry and immunocytochemistry on sections from MS, OND 
and normal control white matter.

Mean number of positive cells/HPF 
(% positive among total EBMll* cells)

Number of 
blocks

ACP*
EBMll*

NSE*
EBMll*

NDP̂
EBMll*

Total
EBMll*

AV Normal
white matter 10

MS tissue 
Active plaques
Group 1° plaque 7

border

Group 2 plaque 9
border

Group 3 plaque 9
border

Group 4 plaque 
border

Chronic plaques
plaque
border

OND tissue
Alzheimer's
Disease
Parkinson's
Disease
SSPE

11

2±1& (8) 
(±)b

46±1B**{96)
( + ) .. 42±14**(91)
( + )

56±10**(92)
(+++)*.68±17**(93)(+++)
44±22**(83)
(+++),.58±19**(97)
(+++)
9± 7 (64)
(++)„45±12**(92)

(+++)
8± 6 (53)
( + )

15±19 (60)
( + )

3± 1 (12) 
(±)
2± 2 ( 8 ) 
(±)
56 (97)
(++)

0
(-)

7±6 (15) 23±12 (48)
(±) (++)2±1 (4) 22±11 (48)
(±) (++)

14±12*(23) 25± 8 (41)
(+++) (++)26±21*(36) 38±19 (52)
(+++) (++/+++)
19±12*(36) 2± 2**(4)
(+++) ( + ) _45±12**(75) 7± 8**(12)
(+++) (++)
6± 4 (43) It 1**(7)
(+++) (±)28±19**(57) 6± 5**(12).
(+++) ( + )
3± 3 (2) It 1**(7)
(+++) (±)
3± 3 (12) 4t 4**(16)
(++) (±)

0 18t 4 (69)
( + )

0 22t 6 (92)
( + )

11 (19) 7 (12)
(+++) (±)

20±3 (77) 26±2
( + )

48±19
46±16

61± 4* 
73± 9**

53±29
60±23

15±4
49±11*

15± 4 
25±10

* ± Standard deviation.
 ̂Intensity of enzyme staining: + to +++, faint to strong.

° Groups of active plaques were divided on the basis of ORO and anti-GC 
staining as described in Chapter 2.
Difference significant at p < 0.05 (*) and p < 0.01 (**) compared with 
control; Student's t-test.
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oval cells in areas of active plaque border and centre, and a 
proportion of these macrophages were also double labelled with 
MAbs Ber-MAC3 or RM3/1. Microglia in the NAWM away from the 
plaque did not exhibit NSE activity. In chronic plaques with 
small numbers of EBM11+ macrophages, about 7% of EBMll* 
macrophages were NSE* and 70% of NSE* macrophages were positive 
for MAb RM3/1.

3.3.5.3 Acid phosphatase
In Group 1, 2, 3 active MS plaques and in Group 4 plaque 

borders, macrophages exhibited moderate to strong ACPase 
activity. Using MAbs EBMll or GFAP in combination with ACPase 
histochemistry, an average of 70% of ACPase* cells in plaque 
centres and 90% in borders were EBMll* macrophages. The 
combination of EBMll with ORO lipid staining indicated that 
90-100% of ORO* cells were macrophages in active plaques. 
There was a positive correlation between numbers of ACPase* 
EBMll* cells and ORO* EBMll* cells in active lesions (Fig 3.5). 
In Group 1 plaques, the size of ACPase* granules within 
macrophages was small compared with the coarse reactive 
products seen within macrophages in Group 2, 3 and 4 lesions 
(Figs 3.6a, b & c). ACPase activity was also exhibited by 
small numbers of astrocytes (about 1 to 17% of total ACPase* 
cells) and a number of neurons in plaque centres and borders. 
Punctate ACPase activity was mostly seen in macrophages, 
whilst the distribution of ACPase in astrocytes was diffuse 
(Figs 3.6c & d). A proportion of ACPase* macrophages were 
also double labelled with RM3/1 or Ber-MAC3 antibodies.
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Fia 3.5. Correlation between numbers of ACPase* EBMll* 
macrophages and ORO* EBMll'*' macrophages in active MS plaques. 
The number of ACPase* EBMll* macrophages per HPF is 
significantly correlated with numbers of ORO* EBMll* cells in 
active plaques.
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Fia 3.6. ACPase activity in active MS plaques, a & b: Group 1 
active plaque. Sequential section to Fig 3.4d. Macrophages in 
the plaque are double-labelled by (a) ACPase staining and (b) 
EBMll-FITC iiranunoreactivity (arrow heads). Note the small size 
of ACPase* granules within cells, c & d: Group 3 active plaque 
from the occipital lobe of MS case 400. Combined (c) ACPase 
staining with (d) MAb to astrocytes (anti-GFAP, FITC) showing 
diffuse ACPase staining in GFAP* astrocytes (arrows) and 
punctate ACPase* products within GFAP" macrophages (arrow 
heads), a-d, X750. No counterstaining.
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3.3.5.4 Alkaline phosphatase
In active lesions a focal loss of the endothelial ALPase 

activity was observed. The absence of ALPase was not as a 
result of loss of endothelial cells or capillaries in these 
areas as simultaneous labelling of capillaries with anti
collagen IV antibody or double labelling endothelial cells 
with anti-factor VIII antibody demonstrated capillaries and 
endothelial cells in ALPase negative areas. The greatest 
enzyme loss occurred in Group 1 plaque centres and borders 
without marked changes in the mean number of blood vessels 
(Table 3.5). Compared to Group 1, the proportion of ALPase"*" 
anti-collagen IV"*" blood vessels were increased in Groups 2 and 
3 plaques and borders, Group 4 borders and in chronic plaques 
and borders but they did not reach the control level (Table 
3.5). Blood vessels containing Ber-MAC3"*" macrophages and CD2+ 
T cells in the perivascular space were located within.ALPase 
negative areas. On the other hand, blood vessels with ALPase 
activity were occasionally observed containing foamy 
macrophages and lymphocytes.

3.3.5.5 Elastase and 5 '-nucleotidase
In both active MS lesions and NAWM leukocyte elastase 

activity was exhibited by a few small round cells in blood 
vessel walls. Simultaneous labelling of these cells with 
EBMll antibody demonstrated that none or few cells were double 
labelled. In active plaques as well as in chronic plaques 5'- 
nucleotidase activity was seen in a number of cells with oval 
or round nuclei, some of which appeared like macrophages.
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Table 3.5 Mean number of ALPase'*' anti-collagen IV"*" and total 
anti-collagen IV'*' blood vessels per mm^ stained with the 
combined histochemistry and immunocytochemistry method on 
sections from MS, OND and normal control white matter (NWM).

Mean number of positive 
blood vessels/mm^

No. of ALPase
blocks staining

intensity^
ALPase* 
anti
collagen IV'*' 
(% postitive)

Total anti
collagen IV*"

A^ NWM 10 ++ 26 ± 5b (93) 28 ± 6
MS plaques

Active
Group 1 5 + 9 ± 5c* (28) 32 ± 5

+ 11 ± 5d* (34) 33 ± 6
Group 2 8 ++ 13 ± 11 (41) 32 ± 13

+4-4- 29 ± 18 (74) 39 ± 21
Group 3 9 ++ 15 ± 8 (39) 38 ± 7

+++ 22 ± 13 (58) 38 ± 8
Group 4 7 ++ 14 ± 7 (38) 37. ± 9

++ 13 ± 8 (31) 42 ± 12
Chronic 8 ++ 23 ± 11 (58) 40 ± 22

++ 22 ± 12 (58) 38 ± 14
OND

Alzheimer'S 4 ++ 24 ± 9 (61) 29 ± 10
Disease
Parkinson's 4 ++ 17 ± 5 (45) 38 ± 21
Disease
SSPE 1 +++ 24 (61) 39

 ̂The staining intensity was scored + (faint) to +++ (strong).
 ̂± standard deviation.

^ Results in plaque centres; ^ results in plaque borders.
Positive blood vessels were counted in 4 HPF/section after the initial 
position of each field was located on a section stained with ORO and EBMll 
antibody.
p < 0.05; Student's t-test.
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Combined 5'-nucleotidase enzyme staining with immuno- 
fluorescent staining for MAb EBMll or GFAP was not successful 
as FITC staining for MAbs on the sections was completely lost 
after 5'-nucleotidase histochemistry.

3.3.6 Other neurological diseases
In a brain sample from a case of SSPE there were abundant 

ACPase* macrophages and large numbers of mononuclear NSE* cells 
scattered in the parenchyma or in the perivascular spaces. In 
the CNS tissue blocks of Parkinson's disease and Alzheimer's 
disease, ACPase and NSE activities in microglia were similar 
to that in the normal CNS parenchyma, and in grey matter 
neuronal cytoplasm reacted strongly with ACPase (Table 3.4). 
Loss of endothelial ALPase activity was observed in OND tissue 
as compared with normal CNS tissue (Table 3.5).

3.3.7 Histochemical staining on cultured adult rat microglia 
Cryostat sections of freshly isolated microglia, and

microglia cultures maintained in vitro for 7 days were 
examined for NSE and NDPase activities. Microglia immediately 
isolated from perfused adult rat cerebrae were snap-frozen 
using the technique described in section 5.2.3. Cryostat 
sections (25/jm) were cut from the microglia blocks for 
histochemical staining. For culture, the cells were seeded at 
2 X 10^ cells/well in 8-well chamber slides (Nunc-Gibco) in 
Dulbecco's modified Eagle's medium (DMEM; Gibco) supplemented 
with 5% heat-inactivated foetal calf serum (FCS; ICN Flow), 
ImM sodium pyruvate, lOOIU/ml penicillin and lOO^g/ml
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streptomycin solution (Gibco). On the fifth day the medium 
was changed to serum-free medium (SFM), and cells were 
incubated with IFN-y for 2 days or with human myelin for 18 hr 
in SFM. They were washed in 0. IM TRIZMA (pH 7.4) 3 times 
before histochemical staining for NSE and NDPase without 
fixation.

There were no NSE’*' microglia on the day of isolation but 
strong NDPase activity were seen in 94-100% of cells. 
However, microglia maintained for 7 days in vitro exhibited a 
strong positive reaction for NSE, while staining intensity of 
NDPase histochemistry was remarkably decreased. In microglia 
treated with myelin for 18 hr a decreased staining intensity 
of NSE and NDPase was seen but incubation with IFN 7 did not 
significantly affect the number or staining intensity of NSE* 
or NDPase* microglia (Table 3.6). The microglia used in this 
study were kindly prepared by Miss Karen Mosley in the 
Multiple Sclerosis Laboratory, London.

3.3.8 Enzvme activities in spleen, lymph nodes, meninges and 
blood cells

In spleen and lymph nodes almost all the EBMll* 
macrophages had strong ACPase reaction products and about 90% 
of macrophages exhibited NSE activity. A large number of 
cells with moderate to strong leukocyte elastase activity were 
observed in the spleen but very few were double-labelled with 
EBMll. Endothelial cells revealed strong reaction products of 
ALPase in the spleen and lymph nodes. In the leptomeninges 
of MS and control cases, EBMll* macrophages were ACPase*, but
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Table 3.6 Effect of culture and stimulation on NSE and NDPase 
activities in adult Lewis rat microglia, measured by counting 
histochemically stained positive cells.

Percentage positive cells 
(staining intensity)

No. of 
assays

Day 0 Day 7' Day 7 +IFNyb Day 7 
tmyelin

NSE 67=
(+/++)

82
(++/+++)

60
(±/+)

NDPase 95
(+++)

94 
( + )

97
(++)

50
(±)

 ̂ 2X10^ rat microglia in 8-well chamber slides were maintained
in DMEM/5% FCS at 37°C, 95% COg incubator for 4 days and then 
changed into serum free medium (SFM). Positive cells together 
with total haematoxylin nuclei in five HPF were counted to 
obtain percentages.
 ̂ Microglia were treated with IFN? (500 U/ml; 300^1/well) for 
2 days or human myelin (40^g/ml; 300^1/well) for 18 hr after 
incubation in SFM for 1 to 2 days.

Average percentage of positive cells in two assays.
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ACPase activity was also exhibited by clusters of EBMll" 
cells. The amount of endothelial ALPase reaction product was 
inversely proportional to the dimension of the blood vessels; 
it was greater in endothelial cells of small arteries, venules 
and capillaries than found in the endothelium of large 
arteries and veins. In blood cytospins from healthy donors, 
monocytes had moderate to strong activity of ACPase and NSE 
but no detectable NDPase activity. Using the antibody EBMll 
in combination with ACPase or NSE reaction, about 80% of 
monocytes were ACPase* and 94% of monocytes were NSE* in blood 
cytospins.

3.3.9 Spinal cord histopatholoav in experimental allergic 
encephalomyelitis rats

In active EAE lesions, massive infiltrations of both 
macrophages (stained by macrophage marker EDI) and lymphocytes 
(identified by their reactivity for 0X19) was observed in the 
spinal cord, whilst less inflammatory changes were found in 
the brain. Therefore, quantitative analysis was performed 
only in the spinal cord of the EAE and control groups. The 
distribution of perivascular inflammatory infiltrates, i.e. 
the histologic severity, was not significantly different 
either in the three segments of spinal cord (Table 3.7) or at 
the different levels of one segment. Using MAb Clone 17 which 
is directed against synthetic peptides of MBP, no 
demyelination was observed in the lesions of EAE or recovery 
EAE.
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Table 3.7 Comparison of histological severity in the three 
segments of spinal cord from EAE rats at clinical and post- 
clinical stage

Segment 
of spinal 
cord^

Location 
of the 
block

No. of 
blocks

Mean no. of inflammatory foci 
/longitudinal section (H & E)

Active EAE Recovery EAE

1 Top 8 62 27(46-87)b (32-31)

2 Middle 3 43 Not done
(27-56)

3 Bottom 8 55 25
(22-102) ( 7-50)

 ̂ The spinal cord of rats with acute EAE was cut into three 
segments: the top (cervical and part of the thoracic regions), 
middle (thoracic and lumbar) and bottom (lumbar and sacral 
regions of spinal cord).

Range
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3.3.10 Correlation between clinical course and histopatholoav

The onset of clinical signs of actively induced EAE
appeared about 9 to 11 days and the maximal clinical signs 
were observed 12 to 15 days post-inoculation (PI), and most 
animals recovered afterwards. The histologic severity 
expressed by the number of inflammatory foci was closely 
correlated with the clinical severity of the disease. 
However, the number of inflammatory foci during the recovery 
phase (days 19 to 22 PI) varied from case to case (Figs 3.7).

3.3.11 Comparison of enzyme activities in experimental 
allergic encephalomyelitis lesions with normal rat CNS tissue

The following cell types were evaluated separately: 1) 
perivascular monocytes, 2 ) macrophages or activated microglia 
(round to oval cells) within the CNS parenchyma, 3) ramified 
microglia with long bi- or multi-polar processes.

In healthy control animals, there were no detectable 
ACPase or NSE activities in 0X42+ microglia in the CNS 
parenchyma. NDPase activity was expressed by an average of 
93% of 0X42+ arborized cells in white and grey matter (Fig 
3.8b). In EAE-induced animals sacrificed at the pre-clinical 
stage (about 10 days PI) there was no clear cellular 
infiltration of the brain or spinal cord parenchyma but some 
inflammatory infiltrates, consisted of NSE+ macrophages, could 
be detected in the meninges. In the parenchyma the enzyme 
activities of ACPase, NSE and NDPase appeared similar to those 
of the normal control group.

During the acute phase rats showed clinical full-blown
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Fia 3.7. Time course of EAE in association with histological 
severity. (A) Time course of EAE following immunization with 
MBP inoculum. Bar; standard error. (B) Histological severity 
associated with the onset of disease, expressed as numbers of 
lesions/spinal cord. Bar: standard deviation. Each point
represents the mean of a group of 2-4 animals (see Section
3.2.3) .
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EAE and prominent perivascular cuffs were distributed 
throughout the spinal cord (Fig 3.8a). Although the majority 
of cuffs were located in the white matter, inflammatory 
changes in the grey matter were also frequent. Compared to 
the normal control group, the proportion of NDPase'*’ microglia 
in the parenchyma of EAE rats was slightly decreased (93% 
versus 85% of 0X42* cells) but the staining intensity was 
markedly increased (Fig 3.8c, Table 3.8). Weak to moderate 
staining for ACPase and NSE were observed mostly on 
macrophages within blood vessels (Figs 3. 8d & e), while NDPase 
activity was expressed in activated microglia or macrophages 
in the parenchyma but rarely seen in the perivascular space.

During the post-clinical phase, ACPase staining was 
either found in the round cells (an average of 33% of 0X42* 
cells) concentrated in areas of inflammatory infiltration or 
cells with processes in the parenchyma (an average of. 18% of 
0X42* cells) , and most ACPase* macrophages were double labelled 
with EDI. NSE* cells were restricted to blood vessels and 
accounted for 24% of all 0X42* cells. Strong NDPase activity 
was found on large numbers of enlarged microglia or 
macrophages in the parenchyma as well as in the cells within 
the perivascular space (Table 3.8).

In normal rats, the mean number of anti-laminin* blood 
vessels in the spinal cord white matter was 24 per HPF and the 
mean variation coefficient among different samples of one 
spinal cord was 10.9%. In untreated rats endothelial cells on 
about 50% of all anti-laminin* capillaries are stained 
moderately by the ALPase reaction (Fig 3.9; Figs 3.10a & b).
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Table 3 .8 Mean percentage of microglia and macrophages 
exhibiting ACPase, NSE or NDPase activities in the spinal cord 
of normal Lewis rats and rats with acute EAE at different 
clinical stages.

Staining Animals No of 
blocks

% positive cells'
Perivascular Parenchyma

ACPase
Normal control 6
Before EAE 8
Active EAE 8
EAE recovery 8

0
0

15(++)b
26(++)

0
0
9( + ) 

14( + )

NSE
Normal control 6
Before EAE 8
Active EAE 8
EAE recovery 8

0
0

17( + ) 
24(++)

NDPase
Normal control 6
Before EAE 8
Active EAE 8
EAE recovery 8

0
0
6( + ) 

18( + )

93( + ) 
92( + ) 
85(++) 
81(++)

% positive cells among total 0X42+ cells.

 ̂Histochemical staining intensity was scored + (faint) to +++ 
(strong).
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Fia 3.8. NDPase and ACPase activity in normal spinal cord and active EAE 
lesions, a: Inflammatory lesions of active EAE (arrows), day 14, score 3. 
H & E (X187). b: NDPase"̂  microglia (arrow) in the white matter of normal 
spinal cord of a control Lewis rat. NDPase (X750). c: NDPase"*" activated 
microglia (arrow) in an active EAE lesion, day 14, score 3 (X750). d-e: 
Inflammatory lesion of active EAE, day 14, score 3. X750. Combined ACPase 
histochemistry (d) with immunofluorescent 0X42 staining (e) showing a 
number of ACPase"* 0X42"* macrophages in a blood vessel (arrows). Note 
ACPase" 0X42"* cells in the parenchyma around the blood vessel. No 
counterstaining.
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Fia 3.9. Mean number of blood vessels and ALPase'*' anti- 
collaaen IV^ blood vessels in the spinal cord of normal rats 
and rats with acute EAE. Numbers of blood vessels were
counted in 4 HPF per section and the results are expressed as 
mean number of blood vessels/HPF of 3 normal rats and 12 rats 
with EAE (4 animals each clinical stage). ** p < 0.01; 
Student's t-test, compared to control. Bar: standard
deviation.

No. of blood vessels 

No. of ALPase+ vessels

control clinical
clinical clinical
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Fia 3.10. ALPase in normal rat spinal cord and active EAE 
lesions. a & b: Normal spinal cord of control Lewis rat. 
Combined ALPase histochemistry (a) with MAb to the matrix of 
blood vessels (anti-laminin, FITC) (b) showing most anti- 
laminin"^ blood vessels have ALPase'*’ endothelial cells (arrows); 
X750. c-d: Active EAE lesion of a rat with acute EAE, day 14, 
score 3. Combined immunofluorescent staining for EDI (c) and 
ALPase histochemistry (d). A blood vessel with large numbers 
of ED1+ infiltrating macrophages has focal loss of endothelial 
ALPase activity (arrows), whilst the vessel without ED1+ 
macrophages shows strong ALPase reaction (arrow heads); X750.
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In the preclinical stage, there was an increase in the mean 
numbers of blood vessels as well as in the proportion of 
ALPase'*' vessels. The increased ALPase activity reached a 
maximum at the clinical stage but the number of capillaries 
appeared slightly decreased, perhaps as a result of 
inflammatory edema in the parenchyma (Fig 3.9). 
Interestingly, combined ALPase histochemistry and 
immunof luorescent staining for EDI revealed a focal loss of 
the endothelial ALPase activity in blood vessels with 
inflammatory lesions containing ED1+ macrophages (Figs 3.10c 
& d). During recovery stage this enzyme activity was similar 
to the control level but the mean number of anti-laminin* 
vessels was still higher than the normal CNS.

3.3.12 Control experiments
One cryostat section of each of three active MS plaques 

and 3 human normal control white matter, and one cryostat 
section of each of two acute EAE lesions and two normal rat 
spinal cord tissue were used for enzyme histochemistry control 
experiments. For ACPase and NSE, incubation without the 
substrate or incubation with a complete medium to which 
inhibitor lOmM NaF was added produced no staining in the 
sections. NDPase activity could be differentiated from 
ACPase, NSE and ALPase since it was not affected by lOmM NaF 
or 0.5mM lavemisole. No NDPase staining was observed when 
sections were incubated in 1) a medium lacking IDP substrate; 
2) a medium lacking manganese chloride as activator; 3) a 
complete medium with NDPase inhibitor 25mM p-
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chloromercuribenzoic acid or 4) in pre-heated sections (90®C 
for 5 min). In contrast, incubation using uridine 5'- 
diphosphate sodium salt (Sigma) as substrate for NDPase gave 
a positive staining similar to that with ID? as substrate. 
Specific activity of leukocyte elastase was shown by the 
negative staining on sections upon addition of the enzyme 
inhibitor 0.02M nickel chloride to the full reaction medium.

3.4 DISCUSSION

Using combined histochemical and immunocytochemical 
staining techniques phagocytes have been characterized in 
lesions of MS and its model, acute EAE. In Group 1 active 
plaques the predominant cell type was NDPase* EBMll* activated 
microglia, whilst in Group 2, 3 and 4 active plaques the
number of NSE* macrophages was increased, indicating an 
important role for microglia in the initial myelin damage. 
There was a correlation between the number of ACPase* EBMll* 
cells and ORO* EBMll* cells in active demyelinating lesions. 
In contrast, in inflammatory EAE lesions there were ::elatively 
small numbers of ACPase* EDI* macrophages and no demyelination 
was seen in the parenchyma. Focal loss of endothelial ALPase, 
an enzymatic marker of BBB, was observed in Group 1 active 
lesions and in inflammatory foci of Lewis rats with full-blown 
EAE, suggesting an association between the enzyme loss and 
damaged BBB. The results suggest a different mechanism 
associated with varying patterns of enzyme activities in 
lesion development in MS and EAE.
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3.4.1 Combined histochemical and immunocytochemical staining

Combined immunological and ACPase histochemical analysis
has been used on skin and lymph node lesions in histiocytosis 
(Thomas et al., 1982) but does not appear to have been applied 
to the CNS tissue. This study shows that immunostaining with 
specific MAbs can be used not only with ACPase, but also with 
NSE, NDPase and ALPase enzyme reactions on the same frozen 
tissue sections.

The combined immunofluorescent and histochemical 
technique has two advantages : 1. specific enzyme''" cells can be 
unambiguously identified; and 2. large areas of the CNS tissue 
can be surveyed allowing accurate estimation of very small 
labelling indices and comparison of labelling in different 
stages of plaque development or different tissues. By 
comparing directly the histochemical characteristics with 
immunological phenotypes, this technique offers a useful tool 
for investigating origin, classification and possible function 
of distinct macrophage populations in demyelination.

3.4.2 Phagocyte populations in Group 1 multiple sclerosis 
plaques

A key issue in understanding the pathogenesis of MS 
concerns the reliable identification of phagocytes capable of 
degrading myelin and presenting autoantigen to T cells at the 
onset of demyelination. However, at present no marker 
molecule is available which unequivocally distinguishes 
microglia from haematogenous monocytes/macrophages. In an 
attempt to characterize macrophage populations in early MS
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lesions, NDPase histochemistry was used as a specific marker 
for microglia (Novikoff and Goldfischer, 1961; Murabe and 
Sano, 1981; Castellano et al., 1991) and NSE was used as a 
marker of haematogenous monocytes and macrophages (Kaur et 
al., 1987). The majority of phagocytes in Group 1 early 
plaques were found to express NDPase, while virtually no 
phagocytes were NSE+. These results suggest that phagocytic 
cells in early MS lesions are mostly derived from resident 
activated microglia. As shown in chapter 2, mononuclear 
phagocytes in Group 1 contained MBP+ debris and were HLA-DR'*’ 
as well as HLA-DQ'*', indicating that these cells are actively 
involved in degradation of myelin and perhaps antigen 
presentation. The concept that large numbers of blood-derived 
macrophages may invade the CNS after initial myelin damage is 
supported by our observations that there were numerous NSE+ 
macrophages in Group 2 and 3 active plaques as well as- in the 
border of Group 4 lesions, accompanied by a decrease in the 
proportion of NDPase* cells.

NSE is located in cytoplasmic granules with a diffuse 
distribution within mononuclear phagocyte (Van Fur:h, 1986). 
Isolated adult human and rat microglia do not express NSE 
(Hayes et al., 1988; Williams et al., 1992) and in normal 
human brain NSE activity is restricted to the perivascular 
cells (Adams, 1981). However, amoeboid microglia in the 
postnatal brain are reported to express NSE activity but this 
enzyme subsides with age (Ling et al., 1982). In our study, 
a proportion of NSE* macrophages in Group 2, 3 and 4 active 
plaques appeared to be coincident with NDPase* cells,
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suggesting that those NSE+ phagocytes may be derived from 
activated microglia. This hypothesis is in consistence with 
our observation in in vitro experiments that isolated adult 
rat microglia expressed NSE activity after a 7-day incubation, 
or after phagocytosis of myelin.

3.4.3 Leukocyte elastase and 5 '-nucleotidase
Leukocyte elastase of macrophages and neutrophils have a 

very broad specificity against protein substrates and have 
been reported to hydrolyse IgG, fibrinogen, MBP and a^- 
proteinase inhibitor (Starkey, 1977; Werb et al., 1986). In 
this study, small numbers of leukocyte elastase'*’ cells were 
detected in active MS lesions but they were not EBMll’*’ 
macrophages or monocytes but may be infiltrating neutrophils 
since large numbers of leukocyte elastase'*’ cells were seen in 
spleen.

5'-Nucleotidase activity has been demonstrated in rat CNS 
tissue by electron microscopy in the plasma membranes of 
astrocytes, oligodendroglial and microglial cells (Kreutzberg 
et al., 1978). During the first week following axotomy of the 
rat facial nucleus, this nucleotidase immunoreactivity 
markedly increased on perineuronal microglia, which may be 
relevant for neuronal repair through the production of 
adenosine for cellular energy metabolism and nucleotide 
synthesis (Schoen et al., 1992). In this study, there were 
few cells with detectable 5 '-nucleotidase activity in the 
normal CNS tissue but in active MS lesions the enzyme activity 
was expressed by a group of cells which appeared to be mostly
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macrophages. This may be in agreement with the report that 
ecto-5'nucleotidase activity increased on cultured monocytes 
from 70% of patients with active MS (Armstrong & Haire, 1986).

5'-Nucleotidase produces adenosine by hydrolyzing 
adenosine-5-monophosphate. There is good evidence of 
transport of adenosine derivatives in dendrites and axons 
(Schubert & Kreutzberg, 1974, 1975). Release of nucleotides 
upon electrical stimulation has been demonstrated in brain 
slices and in vivo (Pull & Mcllwain, 1972; Schubert et al., 
1976), suggesting that release of nucleotides into the 
extracellular space is connected with synaptic activity. 
Since nucleotides do not penetrate plasma membranes, the glial 
membrane-bound ectoenzyme 5 '-nucleotidase can accomplish the 
final step by a mechanism which produces adenosine in the 
extracellular space. Thereby the localization of 5'- 
nucleotidase to cells with the morphology of macrophages and 
perhaps other glial cells in MS lesions may be viewed as 
upregulated metabolic interactions between neurons and these 
cells during active demyelination.

3.4.4 Role of acid hvdrolases in multiple sclerosis lesion 
development

Increases in lysosomal enzyme activities in MS lesions 
have been demonstrated by several histochemical and 
biochemical studies (reviewed by Banik, 1992). However, 
quantitative histochemistry of ACPase activity in different 
stages of MS lesion development have not been reported. This 
study, by a direct approach, elucidates that at the site of
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early demyelination high activity of ACPase is present in 
large numbers of CNS resident macrophages which were NDPase* 
NSE". These ACPase* macrophages have been shown to be 
phagocytic since they were correlated with the number of ORO* 
macrophages in the same lesions. Acid hydrolases are 
predominantly intracellular digestive enzymes but secretion 
can be induced by macrophage activation (Schnyder & 
Baggiolini, 1980). The localization of ACPase activity has 
been demonstrated in lysosomes and in the innermost cisternae 
of the Golgi complex (Bock, 1986). Their activity in the 
extracellular environment is likely to be limited when the pH 
is neutral. Under some conditions when the pH of the 
environment surrounding the cells becomes acidic, these 
enzymes may degrade extracellular macromolecules such as MBP 
which is susceptible to digestion by acid proteinase (Einstein 
et al., 1968).

Proteolytic enzyme production is proposed to be highly 
regulated by the cytokine network (Opdenakker & Damme, 1994). 
It appears that microglia have the potential to be activated 
in the CNS, producing disease-promoting cytokines (e.g. TNF-a, 
IL-1, IFN7 ) which in turn stimulate resident macrophages and 
other cells to produce a series of hydrolytic or proteolytic 
enzymes, such as ACPase and gelatinases (Proost et al., 1993). 
Phagocytosis of myelin may further stimulate microglia to 
produce these mediators. Consequently, the abundance of 
myelin peptides in areas with a high proteinase load might 
facilitate direct and prolonged multivalent presentation and 
T-cell activation and selection, leading to the inflammatory
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response in MS.

Combined labelling with anti-GFAP antibody and ACPase 
histochemistry revealed that a proportion of reactive 
astrocytes in active plaques also contained ACPase. The 
granular pattern of ACPase in macrophages may suggest its 
lysosomal nature; where the ACPase is localized in the Golgi 
apparatus, the reaction product is present in a nongranular 
form (Novikoff & Goldfischer, 1961) as was observed in 
astrocytes. As several astroglial proteases have been 
identified (Nitta et al., 1992; Abraham et al., 1993) it seems 
that astrocytes may also play a role in demyelinating plaque 
development (Allen et al., 1979a).

3.4.5 Alkaline phosphatase as a marker of blood-brain barrier 
damage

In the CNS, ALPase in the endothelium catalyzes the 
hydrolysis of a number of phosphorylated metabolites such as 
hexoses and mononucleotides and may control their transport 
into the brain. In addition, ALPase might dephosphorylate 
various enzymes involved in the so-called enzymatic BBB 
(Vorbrodt, 1988). Loss of ALPase activity has been reported 
to be the earliest sign of radiation injury of the capillary 
endothelial cell in the rat cardiac muscles (Lauk, 1987). 
This is in line with our observation that the greatest loss of 
endothelial ALPase activity occurs in Group 1 early MS 
plaques. As ALPase is considered to be a marker enzyme for 
functions of BBB, loss of the enzyme activity may indicate a 
damaged BBB.
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It is of interest that the focal loss of endothelial 

ALPase at an early stage of MS plaque development was not 
accompanied by massive inflammatory infiltrations as there 
were few or no CD2+ T lymphocytes or Ber-MAC3+ and RM3/1"'' 
macrophages in these lesions. Some studies of early MS 
lesions have suggested that a new lesion examined early in its 
evolution, in distinction to recurrent activity in existing 
lesions, has a paucity of infiltrating lymphocytes and 
monocytes (Prineas et al., 1984). It is uncertain whether a 
separate mechanism for alteration of the BBB is involved at 
this early phase of the disease, or whether the few invading 
lymphocytes might be responsible for the change in the BBB. 
The precise molecular mechanism by which endothelial cells up- 
or down-modulate ALPase expression remains unclear. Cytokines 
such as IL-1 are reported to alter the permeability of CNS- 
vasculature and induce acute and long-lasting inflammatory 
changes (Martiney et al., 1992). As this has implications for 
MS in which local release of IL-1 is a component of the lesion 
(Woodroofe & Cuzner, 1993), ALPase activity could be IL-1 
mediated.

3.4.6 Enzvmatic chances in experimental allergic
encephalomyelitis

EAE, a model for MS, is a T cell-mediated autoimmune 
disease characterized by the presence of inflammatory lesions 
located mainly in the spinal cord (Ohmori et al., 1992; Kalman 
& Lublin, 1993). ACPase has been reported to be present both 
intra- and extracellularly in the inflammatory lesions of EAE,
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while NSE is absent (Adams, 1965). In our study, a small 
percentage of ACPase+/0X42+ macrophages was observed mostly in 
the perivascular space in animals with a full blown EAE or at 
the postclinical stage. As these ACPase* cell were also 
double-labelled with EDI, they may be a population of blood- 
derived macrophages (Polman et al., 1986). Since hydrolytic 
proteinases are important in myelin breakdown as shown in 
active MS plaques, relatively low ACPase activity in EAE 
lesions may account for the low level or absence of 
demyelination in this species.

Previous immunocytochemical studies of the cellular 
infiltrate in MBP peptide-induced EAE in mice revealed that 
the initial infiltrating cells are lymphocytes and later in 
the disease the infiltrate contains monocyte or macrophages 
(Merrill et al., 1992). This is in agreement with our results 
that large numbers of 0X19* T cells and a small number x)f NSE* 
macrophages were seen in active EAE lesions, but more 
perivascular NSE* cells appeared during the recovery phase of 
EAE. However, there were very few NSE* cells in the 
parenchyma, supporting the notion that resident microglia 
represent a stable pool of cells even in the inflammatory 
conditions of EAE (Lassmann et al., 1993). During the 
recovery stage a proportion of EDI macrophages in the 
perivascular spaces expressed NDPase activity. As there was 
no detectable NDPase activity in monocytes, these phagocytes 
may be microglia which have migrated into the perivascular 
spaces (Honda et al., 1990).

BBB damage may play a primary role in the pathogenesis of
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MS and EAE as shown by the correlation of Gd-DTPA-enhancing 
MRI lesions and histology in MS patients and the EAE model 
(Hawkins et al., 1990; Katz et al., 1993). In our study, the 
focal loss of endothelial ALPase was observed as the clinical 
symptoms of EAE developed and was shown to accompany the 
infiltration of ED1+ or 0X19+ MNCs, indicating an association 
with the BBB damage. In contrast, the strong endothelial 
ALPase reaction in blood vessels without inflammatory 
infiltrates at the peak stage of EAE suggests a protective 
response to the CNS inflammation. This hypothesis is further 
supported by the evidence that recovery of both ALPase 
activity and clinical symptoms took place after 19 to 22 days 
PI. The reversible change of ALPase activity in the 
endothelial cells may be relevant to a temporary dysfunction 
of the BBB during induction of acute EAE.

EAE is considered to be an animal model of MS. However, 
the results obtained in animals with acute EAE cannot be 
extrapolated directly to this chronic relapsing-remitting 
disease. Therefore, further studies investigating enzymatic 
activities in chronic-relapsing models of EAE are required.



146
CHAPTER 4

LOW DENSITY LIPOPROTEIN UPTAKE BY MACROPHAGES IN MULTIPLE 
SCLEROSIS PLAOUES; IMPLICATIONS FOR PATHOGENESIS

4.1 INTRODUCTION

Ongoing myelin loss in MS is characterized by the 
presence of foamy macrophages containing cholesterol esters 
(Weller, 1985; Prineas; 1985). Macrophages from the resident 
microglial population and infiltrating monocytes appear to 
become foamy cells as the result of myelin phagocytosis, and 
the esterified myelin cholesterol which accumulates in these 
cells can be visualized in tissue sections by ORO staining 
(Adams, 1989). However, macrophages can also become 0R0+ foam 
cells in vitro and in atherosclerotic lesions through.uptake 
of LDL which has been oxidatively modified. Oxidized LDL 
uptake is via macrophage scavenger receptors (Brown et al., 
1983, 1990) and possibly other receptors (Stanton et al.,
1992) which are not down-regulated by increased cellular 
cholesterol content, but native LDL is taken up by the LDL 
receptor which is down-regulated by cholesterol content. As 
there is BBB damage in early MS lesions (Gay & Esiri, 1991; 
Thompson et al., 1992), macrophages at these sites may take up 
cholesterol by receptor-mediated endocytosis of plasma LDL as 
well by myelin phagocytosis.

Data from biochemical, histochemical and pharmacological 
studies have suggested that reactive oxygen species are
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present in MS lesions (LeVine, 1992) and therefore oxidative 
modification of plasma LDL may occur in MS plaques. Lipid 
peroxidation generates a number of highly reactive aldehyde 
products such as malondialdehyde (MDA) and 4-hydroxynonenal 
(4-HNE) (Halliwell, 1992; Esterbauer et al., 1987). The 
covalent linkage of these products to lysine residues of LDL 
apo B converts LDL to a form recognized by the macrophage 
scavenger receptor (Fogelman et al., 1980; Haberland et al., 
1982; Witztum & Steinberg, 1991). In this study
immunocytochemistry was used to detect native, MDA- and 4-HNE- 
modified LDLs and examine their co-localization with myelin 
fragments within macrophages in MS plaques at different stages 
of development, and in vitro within cultured peritoneal 
macrophages treated with human myelin and LDL. To study the 
natural history of oxidation products in inflammatory lesions, 
presence of LDL and oxidized LDL was also examined in the CNS 
of Lewis rats with acute EAE at different stages. Our 
findings provide direct evidence that LDL modification by 
physical products of lipid peroxidation occurs in vivo during 
MS lesion development.

4.2 MATERIALS AND METHODS

4.2.1 Central nervous system tissue
MS plaque with adjacent macroscopically NAWM were 

dissected for snap-freezing from the brain and spinal cord 
from 13 MS cases with an average age of 46 y (range 21-71), a 
clinical disease duration of 15 y (range 9 months-50 y) and an
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interval between death and tissue snap-freezing of 39 hr 
(range 11-76) (Table 2.1, 2.4). A total of 18 normal control 
samples were dissected from the CNS of 9 cases without 
neurological disease, with an average age 47 y (range 33-56) 
and an interval between death and snap-freezing of 30 hr 
(range 9-70). Brain tissue was also collected from OND group.

4.2.2 Histology and Immunocytochemistry
Cryostat sections (8^m) cut from each tissue block were 

stained with ORO to detect foamy macrophages containing 
neutral lipids and with H & E. Thirty three plaques with 0R0+ 
macrophages were classified as actively demyelinating, and 10 
chronic lesions were hypocellular with few or no 0R0+ cells. 
Active plaques were further divided into four groups according 
to the distribution of 0R0+ macrophages and myelin loss shown 
with anti-GC staining (see Chapter 2) . Atherosclerotic lesions 
in the circle of Willis from three normal control brains were 
also examined.

Serial sections on gelatin-coated slides were 
immunostained with ABC technique as described in section 
2.2.4. Immunof luorescent double staining was carried out with 
a mix of MDA2 (mouse IgG^) and clone 12 (rat IgG) (Table 4.1) 
antibodies on selected sections fixed in methanol (10 min, 
4°C) . Sections were incubated with a biotinylated anti-rat 
antibody followed by rhodamine avidin D (Vector) together with 
a sheep anti-mouse IgG^ FITC conjugate (Serotec), then were 
mounted in Citifluor AFl (City University). Cells within a 
HPF were counted in two separate fields of each plaque, its
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Table 4.1 Additional antibodies used for study in Chapter 4

Antibody Type Specificity Dilution Source and 
reference

Anti-LDL Rabbit
antiserum

Apo B of human 1:250 Dako

MDA2

NA59

Mouse
IgGj

Mouse
IgGi

Clonel2 Rat IgG

Oxidized LDL 1:250
epitope MDA-
lysine

Oxidized LDL 1:100
epitope 4-HNE 
-lysine

MBP epitope 1:100
80-89

Prof.J Witztum, 
California, USA 
(Palinskiet al., 
1990)

Prof.J Witztum, 
California, USA 
(Palinskiet al., 
1990)

Dr. N Groome 
( Groome et al., 
1986)

Other antibodies used in this study have been described in 
Table 2.6.



150
border, and white matter about 1mm away from the border, and 
two separate fields were counted in each normal control white 
matter section. The correlation analysis and student's t-test 
were used for statistical analysis.

Control studies were performed with appropriate dilutions 
of a mouse irrelevant antibody against keratin (IgO^, Dako) 
and normal rabbit serum (Dako), and controls in which each 
step in the immunostaining procedure was omitted were also 
used. For competition controls, prior to immunostaining the 
LDL antibody was pre-incubated with native LDL (Img/ml; a gift 
from K. Mosley, the Multiple Sclerosis Laboratory), and the 
MDA2 antibody was pre-incubated with LDL, free MDA, MDA-LDL, 
Cu'‘"''-oxidized LDL, MDA-albumin or MDA-transferrin (all at 
Img/ml), respectively. The anti-4-HNE-LDL antibody NA59 was 
pre-incubated with LDL or Cu''"*'-oxidized LDL. All the solutions 
for competition controls were mixed on a Spiramix (Denley) for 
10 min at room temperature before applying on sections.

4.2.3 OXIDATIVE MODIFICATION OF LOW DENSITY LIPOPROTEIN

4.2.3.1 Preparation of Cu'*"*'-low density lipoprotein
Cu^'^'-oxidized LDL was prepared by incubating (3 hr, 37*C) 

1 mg of LDL/ml with 200pM of CuSO^.SHjO (BDH) in a total volume 
of 20Dpi in PBS. The oxidation was terminated by the addition 
of lOOpM EDTA (personal communication, K. Mosley, Multiple 
Sclerosis Laboratory). The degree of oxidation of LDL was 
determined by agarose gel electrophoresis.
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4.2.3.2 Preparation of malondialdehyde-proteins

LDL MDA-conjugate was prepared by the method described by 
Palinski (1990). 0.5M MDA was freshly prepared by incubating
88p^ malondialdehyde bis dimethylacetyl (Sigma) with 12^1 4M 
HCl and 400^1 HgO for 10 min at 37®C. The reaction was 
stopped by increasing the pH to 7.4 by addition of IM NaOH and 
the volume was then made up to 1ml with water. The native LDL 
was conjugated by adding MDA at 100^1/mg protein and 
incubating for 3 hr at 37°C. The MDA-LDL conjugates were 
dialysed against 2 X 5L PBS for 18 hr at 4®C to remove any 
unreacted MDA, and used immediately. The degree of MDA 
modification was determined by thiobarbituric acid reactivity 
substance (TEARS) assay. The electrophoretic mobility of the 
MDA-modified lipoproteins was compared to that of native LDL 
by electrophoresis. Other human proteins, albumin, 
transferrin (Sigma) and myelin were conjugated with MDA' by the 
same procedure.

4.2.3.3 Agarose ael electrophoresis for lipid analysis
Lipoprotein electrophoresis was performed in agarose

lipoprotein gels (Beckman-Paragon Lipo electrophoresis kit) 
according to the manufacturer's instructions. Native LDL, 
Cu'""*'-LDL and MDA-LDL at Img/ml were applied to the gels in 5^1 
aliquots, and electrophoresed at lOOV for 30 min in 0.05M 
barbital buffer, pH 8.6 . The gels were fixed in ethanol: 
water: acetic acid (6:3:1, v/v/v) for 5 min and then dried at 
80*C before staining in 0.07% Paragon Lipo Stain for 5 min; 
followed by destaining in 3 times of 45% ethanol. The gels
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were dried and the electrophoretic mobility was compared.

4.2.3.4 Thiobarbituric acid reactivity substance assay 
This assay is highly sensitive for detecting and

quantitating the aldehydes produced as a result of protein 
oxidation. It involves reacting peroxidized samples with 2- 
thiobarbituric acid under high temperature (about 100°C) and 
acidic conditions (Girotti, 1985).

Thiobarbituric acid (TEA; BDH) was dissolved in 50mM HgSO^ 
at 0.67% by heating. A standard curve was prepared with 
l,l,3,3,tetraethoxypropane (Sigma) at 0, 10, 25, 50, 100, 250, 
500, lOOOnM in 50mM H2SO4. 1ml of TEA was added to both the 
standards and the samples (50jL/l/each), boiling for 30 min. 
After cooling, the 00 was read at 520nm and the aldehyde 
content of samples was read off the standard curve (Naidoo & 
Knapp, 1992).

4.2.4 REACTIONS FOR LIPIDS

4.2.4.1 Polarised light to detect Maltese crosses
Unstained, unfixed cryostat sections from all active MS 

plaques and selected chronic plaques and normal control white 
matter blocks were mounted in Glycergel (Dako) and examined 
under polarising lenses on the same day. Selected sections 
which had been methanol-fixed and immunofluorescently double 
stained for MDA2 and clone12 were also examined in polarised 
light.
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4.2.4.2 Osmium tetroxide-a-naphthvlamine staining

Osmium tetroxide-a-naphthylamine (OTAN) reaction is used 
as a general-purpose histochemical test to distinguish between 
hydrophillic phospholipids and hydrophobic triglyceride 
esters, cholesterol esters and fatty acids (Adams, 1965).

Cryostat sections from 7 active MS plaques and 3 
atherosclerotic lesions were fixed in 10% formalin-PBS for 10 
min and stained with a mixture of one part of 1% OsO^ (Sigma) 
and 3 parts of 1% KCIO3 (BDH) in a fume cardboard for 18 hr 
(overnight) at room temperature. The sections were washed in 
tap water for 5 min and were treated with a saturated aqueous 
solution of a-naphthylamine (BDH) in an incubator at 37°C for 
15 min. The saturated solution of a-naphthylamine is prepared 
by adding a-naphthylamine to DW which had been previously 
warmed to 40°C and then filtering. The sections were washed 
in tap water for 5 min and mounted in Glycergel (Dako).

4.2.4.3 Diaitonin reaction and lipid extraction
Digitonin can precipitate steroids which have a 3B-

hydroxyl Group to form biréfringent crystals of digitonin- 
cholesterol. Serial sections of the active plaques and 
atherosclerotic lesions were treated with 0.5% digitonin (BDH) 
in 40% ethanol for 2 hr at room temperature to convert non- 
esterified cholesterol into a digitonide that forms needle- 
shaped biréfringent crystals (Wellor, 1967). Differential 
solubility of lipid crystals was studied by incubation of 
serial cryostat sections of the active plaques and atheroma in 
methanol, ethanol or acetone (10 min, 4*C).
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4.2.5 CELL CULTURE

4.2.5.1 Incubation of rat peritoneal macrophages with 
mediators

Rat peritoneal macrophages were seeded at 2 X 10^ in 8- 
well chamber slides (Nunc-Gibco) in DMEM (Gibco) supplemented 
with 5% FCS (ICN Flow), ImM Sodium pyruvate, lOOIU/ml 
penicillin and lOO^g /ml streptomycin solution (Gibco) (Karen 
Mosley). On the fifth day after plating the medium was 
changed to serum-free medium (SFM) 4 hr before treatment. The 
peritoneal macrophages were then incubated with human myelin, 
human native LDL, human Cu'*"‘‘-LDL (all at 20jug/ml) in SFM, 
respectively, or incubated with a combination of myelin and 
Cu'̂ '̂ -LDL (20pg/ml/each) in SFM for 2 and 24 hr.

4.2.5.2 Immunocvtochemistrv of cultured cells
Cells in 8-well tissue culture chamber slides were washed 

three times in warm (37°C) PBS, and fixed in methanol for 10 
min at 4°C. The cultures were rinsed three times in PBS and 
stored at 4°C in 1% BSA/PBS for up to one week prior to 
staining.

The ABC method of Vector Labs (as described in section
2.2.4) was used. Before the first antibodies, sections were 
incubated with 0.3% in PBS for 30 min to inhibit the
endogenous peroxidase activity. Dilutions for antibodies were 
made in 1% BSA/PBS. Controls where the first antibody was 
substituted with antibody anti-keratin of the same 
immunoglobulin subclass and concentration were included in all
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staining sessions for each antibody. The plastic walls of the 
chamber slides were not snapped off until the biotinylated 
antibody was applied. For each well 100^1 primary antibody 
and SOpil of biotinylated antibody or biotin avidin complex 
were used. DAB was used to visualize the reaction and the 
slides were lightly counterstained with haematoxylin, 
dehydrated, cleared and mounted in DPX (BDH).

A quantitative examination of the slides was made on a 
Leitx Dialux 20 microscope. Positively stained cells were 
counted in five areas per well together with the total number 
of haematoxylin counterstained nuclei to obtain percent 
positive cells.

4.3 RESULTS

4.3.1 Fixation
Immunostaining of frozen sections with MDA2 and NA59 was 

not obtainable unless these sections were fixed in cold 
acetone. This indicated that the extensive lipid deposition 
present in MS lesions was partially or wholly masking epitopes 
identified by antibodies against oxidized LDL, and so 
immunostaining was possible only after these lipids had been 
partially extracted (Rosenfield et al., 1990).

4.3.2 Optimal dilution for primary antibodies
All antibodies used in the study were titrated in the 

same way described in section 2 . 2 . 4 . 4 . Fig 4 .1 shows that 
optimal binding condition for MDA2 was 1:250, as this dilution
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Fig 4.1. MDA2 titrations. Effect of dilution on the quanti
tation of MAb MDA2+ cells in control white matter (NWM) and 
active MS plaques (AQ).
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gave the maximum numbers of positive foamy macrophages in MS 
plaques and in normal white matter weak staining in some glial 
cells.

4.3.3 Distribution of native- and malondialdehvde-low densitv 
protein in demyelinating lesions

In normal white matter, staining with the native LDL 
antibody was mostly seen in blood vessel walls and glial cell 
processes immediately adjacent to most blood vessels, whilst 
the MDA2 (anti-MDA-LDL) antibody weakly stained glia
throughout the parenchyma (Figs 4.2a & b) . Occasionally, a 
zone of strong anti-LDL staining was seen around blood vessels 
in control and MS white matter, but these zones were never 
visualized with the MDA2 antibody (Figs 4.2c & d). In active 
MS plaques, foamy macrophages identified with EBMll and ORO 
staining were visualized with the LDL and MDA2 antibodies, and 
double staining demonstrated that almost all LDL* macrophages 
were MDA2*. Cells with microglial morphology were stained by 
MDA2 in white matter immediately adjacent to active plaques. 
Although the perikarya of reactive astrocytes were often MDA2* 
they were not LDL*. Table 4.2 shows the distribution of LDL* 
and MBP* phagocytes in 4 Groups of active lesions. In Group 
1 active plaques many ORO* macrophages exhibited LDL and MDA2 
staining which appeared to be intracellular (Figs 4.3a & b). 
Compared with Group 1, lower percentages of macrophages were 
LDL* or MDA2* in Groups 2, 3 and 4. Macrophages with an
annular MDA2 staining pattern were mostly seen in Group 2 
plaques (Fig 4.3c). A dense network of astrocyte processes
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Fig 4.2. Immunoperoxidase staining with antibodies against LDL 
and MDA-LDL in control white matter, a-d: Cryostat sections of 
brain periventricular white matter from a normal control case 
292. a: Strong blood vessel wall staining with the anti-LDL 
antibody; X750. b: Staining of glial cells with MDA2; X750. c: 
A zone of strong anti-LDL staining surrounds a blood vessel; 
X187. d; Sequential section to c. No increase in MDA2 
staining around this blood vessel; X 187. No counterstaining.

/. ?•»
i



Fig 4.3. Immunoperoxidase staining with LDL and oxidized LDL 
antibodies on active MS plaques, a & b: Group 1 active plaque 
from brain frontal lobe of MS case 332. a: Staining of foamy 
macrophages with the anti-LDL antibody; b: Sequential section 
to a. MDA2 staining of foamy macrophages, c: Group 2 active 
plaque from spinal cord of MS case 395. Note MDA2 annular 
staining pattern in macrophages, d: Group 1 active plaque. 
Sequential section to a. NA59 staining of reactive astrocytes 
and small numbers of macrophages, a-d: X750. e & f: Group 2 
active plaque. Sequential sections to c (XlOO). e: MDA2
staining in the plaque and dense network of astrocyte 
processes in the adjacent white matter, f MDA2 staining in e 
was abolished by preincubation with MDA-LDL (Img/ml).
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Table 4.2 Mean number of positive macrophages and Maltese crosses on sections of active plaque 
groups from 13 MS cases.

Group Location
Mean number of positive macrophages/HPF f% postitivel

EBMll ORO Anti-LDL MDA2 Clone 17 NA59 No. of 
Maltese 
crosses 
/HPF

1 Plaque 44±10* 31110 (70) 181 8 (41) 201 9 (45) 181 7 (41) 41 5 (9) 4 1 3
(n 7) Border 46± 5 201 4 (43) 181 7 (39) 161 5 (35) 161 5 (35) 61 8 (13) 3 1 4

2 Plaque 73±30 57133 (78) 11110 (15) 25117 (34) 34128 (47) 71 7 (10) 7 1 11
(n 9) Border 92135* 54126 (59) 17113 (18) 27121 (29) 37129 (40) 61 5 (7) 15 1 17

3 Plaque 39130 24127 (67) 41 5*(10) 91 9 (23) 18116 (46) 21 4 (5) 2 1 2
(n 9) Border 61128 49123 (80) 13118 (21) 11113 (18) 36122*(59) 11 3 (2) 9 1 10

4 Plaque 91 3** 31 3**(33) 11 2**(11) 21 2**(22) 31 4*(33) 0 0
(n 8) Border 47118 44122 (94) 19116 (40) 16112 (34) 23115 (49) 31 5 (6) 5 1 4

® ± , Standard deviation. % positive among total EBMll* macrophages.
Groups are based on the distribution of ORO* macrophages and myelin loss in the plaques (see section 2.3.1). For each 
section two separate fields were counted in a plaque and its border.
* p < 0.05; ** p < 0.01, as compared with Group 1.

inVO
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was stained with MDA2 in Groups 2-4 (Fig 4.3e), but these 
processes were only weakly LDL'*'. Although blood vessel walls 
were very weakly LDL'*' in active lesions, they were strongly 
stained in chronic plaques.

4.3.4 Distribution of 4-hydroxynonenal-low densitv 
lipoprotein in multiple sclerosis plaques

Glial perikarya and some processes were weakly stained in 
normal white matter with the NA59 (anti-4-HNE-LDL) antibody, 
and there was no increased NA59 staining around any blood 
vessels. In contrast to MDA2, NA59 in active plaques only 
weakly stained small numbers of macrophages (an average of 6 
± 6 positive macrophages in both plaques and borders of Groups
1 and 2 lesions) but visualized more hypertrophic astrocyte 
perikarya and their processes (Fig 4.3d). Both antibodies 
stained microglia in white matter immediately adjacent to 
active plaques and astrocytes in chronic plaques.

4.3.5 Co-localization of malondialdehvde-low density 
lipoprotein and myelin basic protein in foamv macrophages

In active MS plaques the MBP antibodies clone 17 (epitope 
123-129) and 12 (epitope 80-89) stained similar numbers of 
phagocytes which were ORO'*' in adjacent sections. In Groups 1,
2 and 3 plaques the percentages of MBP'*' macrophages were 
relatively constant while the numbers of LDL'*' and MDA2* 
macrophages decreased in Groups 2 and 3. Double immunofluo- 
rescent staining demonstrated that almost all MDA2'*' 
macrophages were clone 12'*' in Group 1-4 active lesions (Figs
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4.4a & b) . However, there were large numbers of single
labelled clone 12"̂  cells in Group 2, 3 and 4 although in Group 
1 lesions all clone 12"̂  macrophages were MDA2* (Fig 4.5).

4.3.6 Maltese crosses in active plagues
In active MS plaques examined with polarised light 

alternated with interference contrast lenses, large Maltese 
crosses (biréfringent crystals with a symmetrical black cross) 
were seen in a proportion of cells which were coincident with 
ORO* foamy macrophages in adjacent sections (Figs 4.4c & d). 
Maltese cross'*’ macrophages were most prevalent in Group 2 
lesions with an average of 15 ± 17 in border zones and 7 ± 11 
in plaques (Table 4.2). In active plaques, there were 
significant correlations between numbers of Maltese cross* 
macrophages and MDA2* cells (r = 0.36, p <0.05), and between 
Maltese cross* macrophages and clone 17* cells (r = 0.38, p 
<0.05). In addition, Maltese crosses were observed in MDA2- 
Clone 12 double-labelled macrophages (Figs 4.4e & f), and the 
numbers and distribution of Maltese cross* and MDA2 annular- 
stained macrophages were very similar. Maltese crosses were 
readily distinguishable from amorphous debris, and were 
stained dark brown with the OTAN technique. These crystals 
appeared to contain large amounts of esterified cholesterol as 
they were not replaced by digitonide and were insoluble in 
methanol but soluble in ethanol and acetone. Only occasional 
Maltese crosses were seen in the three advanced 
atherosclerotic lesions examined.
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Fia 4.4. Co-localization of oxidized LDL. MBP and Maltese crosses in 
macfoohaaes in active MS plagues, a & b: Group 1 active plaque from brain 
periventricular white matter of MS case 332. Immunofluorescent double 
staining with MDA2 (FITC; a) and clone 12 (TRITC; b) showing co
localization of oxidized LDL with MBP fragments in the same macrophages ; 
X750. c-f: Group 2 active plaque from spinal cord of MS case 395. c: 
Maltese crosses in the plaque border (arrows) and centre of plaque is at 
the top of the figure, viewed under polarizing lenses; X 187. d: Adjacent 
section stained with ORO; Maltese cross* cells are usually ORO*; X187. e 
& f; Group 2 active plaque. Sequential section to c. e: Sections viewed 
with polarizing lenses to show Maltese crosses and with f: ultraviolet 
light to show that cells containing Maltese crosses are usually MDA2- 
stained (arrows); e & f X750. No counterstaining. _______

Vvo-V'H
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Fia 4.5. Graphic representation of the co-localization of MBP 
and MDA-LDL within macrophages in Groups 1-4 active MS 
lesions. A: data from plaques; B: data from plaque borders. 
Complete co-localisation was observed in Group 1 and almost 
all MDA2+ macrophages were double-stained with clone 12 in all 
4 groups, whereas numbers of single-stained clone 12*" cells 
increased in Group 2, 3 and 4 compared with Group 1. Bar;
standard deviation. * p < 0.05, compared to clone 17"*" cells; 
Student's t-test.
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4.3.7 Specificity of the anti-low densitv lipoprotein 
antibodies

In sections of three blocks from each MS plaque, 
atherosclerotic artery and normal control CNS tissue, no 
staining with control antibodies was observed. All anti-LDL 
staining was completely abolished by pre-incubation with LDL, 
and all MDA2 staining was completely abolished by pre
incubation with MDA-LDL (Fig 4.6a). Addition of Cu'*”'‘-oxidized 
LDL resulted in decreased MDA2 parenchymal staining intensity 
and markedly reduced NA59 staining in the parenchyma. The 
addition of native LDL to MDA2 and NA59 had no effect on 
staining intensity and there was no difference between the LDL
samples stored at 4°C for 3 days and 4 months (Fig 4.6b).
Only in the condition of MDA2 dilution at 1 ; 10,000, MDA- 
myelin partly abolished the MDA2 staining. However, MDA2 
staining was abolished after pre-incubation with MDA-albumin 
or MDA-transferrin although free MDA had no effect (Fig 4.6a).

The characteristics of MDA-LDL and Cu"*"''-LDL used for 
staining absorption were examined and they had considerable 
amounts of TEARS and an increased electrophoretic mobility 
relative to native LDL (Fig 4.7).

4.3.8 Oxidized LDL in the CNS tissue of other neurological
diseases

The CNS samples from Alzheimer's and Parkinson's diseases 
had a proportion of microglia and astrocytes positive for 
MDA2, while MAb NA59 stained only a proportion of astrocytes 
in white and grey matter. In cases with Parkinson's diseases
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Fia 4.6. Competitive immunocvtochemical staining with MAb 
MDA2. Three active MS plaques were stained with MDA2 (control) 
and MDA2 preincubated with MDA-proteins (A) or native LDL or 
Cu'̂ '̂ -LDL (B) (all Img/ml) . MDA2 ( 1:10,000) staining was 
abolished by preincubation with MDA-LDL as well as MDA- 
transferrin and -albumin. Results are expressed as mean number 
of MDA2^ cells per HPF. Bar: standard deviation.
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Fia 4.7. Electrophoresis of lipoproteins in aaarose 
lipoprotein gels. Native LDL (band 1), Cu'̂ '̂ -LDL (band 2) and 
MDA-LDL (band 3) at Img/ml were applied to the gels in 5^1 
aliquots, and electrophoresed at lOOV for 30 min in 0.05M 
barbital buffer, pH 8.6. The gels were fixed in ethanol: 
water: acetic acid (6:3:1, v/v/v) before staining in 0.07%
Paragon Lipo Stain. TEARS in native LDL, Cu'̂ '̂ -LDL and MDA-LDL 
samples are 25, 196 and 389nmol/L, respectively.
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granular MDA2 staining was found in a number of pigmented 
neurons in the substantia nigra. Relatively larger numbers of 
cells in SSPE tissue were positively stained by MDA2 or NA59 
and these cells appeared like astrocytes and macrophages. 
Native LDL staining in the CNS tissue of OND group was similar 
to that in normal white matter; only blood vessels were 
positive. In contrast, in 3 blocks of acute cerebral infarct 
intensive staining of MDA2 and LDL antibody was observed at 
the edge of infarct, while in the surrounding parenchyma their 
staining intensity was moderate. In addition, a number of 
MDA2* macrophages and NA59+ astrocytes were seen in or around 
the infarct. There were no cells positive for oxidized-LDL 
antibodies in chronic infarcts. Table 4.3 summarizes the LDL 
and oxidized-LDL antibody staining in OND lesions compared 
with MS plaques.

4.3.9 Presence of native low density lipoprotein in 
experimental allergic encephalomyelitis lesions

The CNS tissue of normal control rats and rats with acute 
EAE was obtained from the same animals used for histochemical 
study in Chapter 3. In normal control rat CNS tissue there 
were no or few glial cells stained by antibody against LDL. 
During the preclinical phase, numbers of anti-LDL+ glial cells 
in the parenchyma were slightly increased. Expression of LDL 
antigen was upregulated on large numbers of perivascular 
macrophages and activated microglia in spinal cord white 
matter lesions during the acute phase. During recovery there 
was a decrease in the number and intensity of the infiltrates
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Table 4.3 Comparison of immunoperoxidase staining with LDL 
and oxidized-LDL antibodies in the CNS tissue of MS and OND 
cases

MDA2 NA59 Anti-LDL

MS® +++ +++ ++

Alzheimer's + + -/±
disease
Parkinson's + + -/±
disease
SSPE ++ ++ ++
Acute cerebral ++ ++ ++
Infarct

Proportions of positive cells were scored as + (a few) to +++ 
(many) .
® active MS plaques.
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and LDL staining. All anti-LDL staining was completely 
abolished by pre-incubation with LDL (a mix of equal volume of 
Img LDL/ml and anti-LDL antibody diluted to 1:1000, prepared 
15 min before applying on sections). MDA2 or NA59 staining 
were also observed in the inflammatory lesions of EAE but 
preincubation with MDA-LDL or Cu'̂ '̂ -LDL (all at Img/ml) did not 
abolish MDA2 or NAS9 staining in the CNS tissue of rats with 
EAE (Table 4.4).

4.3.10 Immunocytochemical and oil red O staining of cultured 
macrophages

Table 4.5 shows the uptake of native LDL, Cu'̂ '̂ -LDL and 
human myelin by rat peritoneal macrophages. Stimulation of 
macrophages with human myelin or Cu'*’'*'-LDL produced a 
significant increase in percentage of 0R0+ foamy cells, 
compared with control in SFM and cells incubated with.native 
LDL. Using antibody against human native LDL, higher 
percentage of LDL+ macrophages was seen in the cultures with 
Cu'‘"''-LDL than cells incubated with native LDL. Treatment of 
macrophages with human myelin produced large numbers of MBP- 
laden cells which were positively stained by MAb clone 17. 
Co-treatment of macrophages with human myelin plus Cu+^-LDL 
produced net reduction of LDL uptake by macrophages but had no 
effect on percentages of Clonel7* cells and ORO'*’ macrophages 
(Table 4.5).
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Table 4.4 LDL and oxidized LDL immunoperoxidase staining in 
the spinal cord of normal Lewis rats and rats with acute EAE 
at different clinical stages

Staining' Animals No. of 
blocks

Number of positive cells
macrophage

(perivascular)
microglia

(parenchymal)

Anti-LDL Control

Before EAE

Active EAE 8

Recovery

+++

++—+++

+

+++

++—+++

MDA2 Control

Before EAE ++ ++

Active EAE 8

Recovery

++++

++-++++

++++

+—++++

 ̂ Anti-LDL staining in the CNS tissue of EAE rats was 
abolished by preincubation with human native LDL (Img/ml), 
while the staining for MDA2 was not abolished by preiucubation 
with MDA-LDL (Img/ml).

 ̂ Number of positive cells was scored as + (a few) to ++++ 
(many).
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Table 4.5 Quantitative analysis of ORO staining and 
iinmunocytochemistry on rat peritoneal macrophages (2X10^/well) 
in 8-well chamber slides incubated with Cu"*" -LDL and human 
myelin in serum free medium (SFM) (200/il/well) for 2 and 24 hr

Time
(hr)

Percent postive cells* (n=3)

ORC1+ Clonel7* Anti--LDL+

Control
(SFM)

2 16 ± 6^ 0 4 ± 6
24 21 ± 4 0 4 ± 5

Native human 
LDL (20pg/ml)

2 20 ± 3 0 28 ± 8
24 30 ± 5 0 34 ± 5

Human myelin 
(20jLig/ml)

2 20 ± 8 30 ± 11 1 ± 1
24 56 ± 14*c 40 ± 21 1 ± 1

CU++-LDL
(20^g/ml)

2 22 ± 5 0 56 ± 13
24 47 ± 9 0 53 ± 14

Myelin + 
CU++-LDL

2 25 ± 5 27 ± 19 33 ± 5
(20^g/each
/ml)

24 52 ± 1 9 * c 37 ± 9 29 ± 5

 ̂Cells were counted in five HPF per well.
 ̂ ± Standard error of the mean.

Significantly different from control (p < 0.05).
Cells were seeded in chamber slides in DMEM/FCS for 4 days 
Four hr before the treatment the medium was changed to SFM.
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4.4 DISCUSSION

4.4.1 Evidence for presence of lipoprotein-bound and myelin- 
derived cholesterol within macrophages in early multiple 
sclerosis lesions

It has always been assumed that cholesterol esters in 
macrophages in actively demyelinating MS plaques are derived 
solely from degradation of phagocytosed myelin. However, BBB 
damage in the early phases of plaque development may allow 
cholesterol-containing LDL to enter the lesion parenchyma. We 
have demonstrated the co-localization of LDL or oxidized LDL 
and peptides of MBP within foamy macrophages in demyelinating 
MS plaques. These observations strongly suggest that uptake 
of both LDL and myelin contribute to cholesterol ester 
accumulation in these cells. To date, evidence for the 
presence of oxidized LDL in tissues has been largely confined 
to atherosclerotic lesions.

In our study, the highest percentages of native LDL+ and 
MDA-LDL+ macrophages were seen in very early MS lesions (Group 
1) and in the borders of actively demyelinating plaques. 
Plasma high density lipoprotein (apo A) immunostaining using 
anti-apo A antibody (Serotec) was also found to be widely 
distributed in active MS plaques. Localized entry of these 
proteins into CNS parenchyma would be expected to result from 
the temporary BBB damage which occurs in MS lesions as 
demonstrated in vivo from serial MR I with gadolinium (Thompson 
et al., 1992). In these studies, transitory BBB damage occurs 
within early MS lesions and a ring-shaped gadolinium



173
enhancement is seen around older lesions in which it is 
considered to be ongoing BBB damage at the border. As double 
staining demonstrated that in Group 1 lesions all MDAZ"*" 
macrophages were MBP clone 12+, macrophage uptake of LDL and 
myelin both appear to occur at a very early stage in the 
development of demyelinating lesions. However, there were 
large numbers of single-labelled clone 12+ cells in Groups 2, 
3 and 4. This shift probably results from increased uptake of 
myelin by macrophages in Groups 2 and 3 as lesions become 
established, the restoration of normal BBB function and 
migration of MDA2-MBP+ macrophages out of the lesion. It is 
also possible that MBP is preferentially phagocytosed as it is 
shown in our in vitro experiments that co-treatment of 
macrophages with human myelin and Cu++-LDL produced a net 
reduction of LDL uptake by macrophages but had no effect on 
percentages of MBP+ or 0R0+ macrophages.

As 0R0+ macrophages containing Maltese cross liquid 
crystals were double-stained with the MDA2 and anti-MBP 
antibodies in MS plaques, it appears that the cholesterol 
esters in Maltese crosses are derived from both. LDL and 
myelin. Our studies with OTAN, digitonin and differential 
solubility showed that large Maltese crosses in active MS 
lesions contain little free cholesterol, and they have a 
similar composition in atherosclerosis lesions (Weller, 1967). 
The annular MDA2 staining pattern seen in macrophages in MS 
lesions is also seen in atherosclerotic lesions (Rosenfeld et 
al. , 1990), and in MS plaques we observed that Maltese crosses 
were surrounded intracellularly by an annular distribution of
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MDA2+ epitopes.

Macrophages in vitro take up restricted amounts of LDL 
via the native LDL receptor as it is down-regulated by 
intracellular cholesterol content. As MDA-LDL and 4-HNE-LDL 
are recognized by macrophage scavenger receptors (Haberland et 
al., 1982) which are not affected by high cellular 
cholesterol, large amounts of oxidized LDL can be taken up by 
macrophages. In atherosclerotic lesions, lipid peroxidation 
products released by macrophages are thought to oxidize 
extracellular LDL prior to uptake by their scavenger 
receptors. Immunocytochemistry and Western blot studies have 
demonstrated MDA-LDL and 4-HNE-LDL in human and rabbit 
atherosclerotic lesions (Palinski et al., 1990; Rosenfeld et 
al., 1990; Ylâ-Herttuala et al., 1991), and in our study 
macrophage and extracellular LDL, MDA-LDL and 4-HNE-LDL 
staining was also seen in atherosclerotic lesions. Only small 
numbers of foamy cells were 4-HNE-LDL stained in both human 
atherosclerotic lesions (Yla-Herttuala et al., 1991) and MS 
plaques. As changes in numbers of MDA2* and LDL+ macrophages 
correlated well in the different MS lesion Groups (Fig 3), the 
MDA2 antibody appears to be staining oxidized LDL within 
macrophages in MS plaques. It is possible that myelin or 
other serum proteins are also MDA-oxidized and taken up by 
macrophage scavenger receptors in MS lesions.

Small amounts of native LDL cross the BBB via 
endothelial LDL receptors in normal CNS tissue (Brightman, 
1989). As only limited amounts of LDL may be taken up by LDL 
receptors on macrophages in MS plaques with ongoing BBB



175
damage, the native LDL staining observed in macrophages could 
also result from uptake together with myelin during 
phagocytosis. Some LDL oxidation may occur in normal white 
matter as we observed weak glial staining which was abolished 
by MDA2 or NA59 pre-incubation with modified LDL. Only very 
small amounts of oxidized LDL are thought to be present in 
blood (Avogaro et al., 1988) and therefore LDL is probably 
oxidized extracelluarly in MS plaques and taken up by
macrophage scavenger receptor-mediated endocytosis.

In astrocytes strong MDA2 and NA59 staining was seen even 
in very early lesions, but these cells did not appear to
contain 0R0+ material. It is possible that oxidized LDL
staining results from the uptake of non-lipid products thought 
to be produced during LDL apo B oxidation (Witztum & 
Steinberg, 1991) or possibly uptake of MDA and 4-HNE adducts 
unrelated to LDL. In active MS lesions, NA59 visualized more 
hypertrophic reactive astrocytes than MDA2, which could result 
from selective uptake of 4-HNE oxidized proteins by 
astrocytes. Apolipoprotein E immunostaining (Secrotec) in 
active MS plaques was also observed to be localized in 
reactive astrocytes. This lipoprotein is synthesized by
astrocytes (Pitas et al., 1987) and its secretion by reactive 
astrocytes may enhance LDL uptake by macrophage LDL receptors 
in early lesions.

Strong native LDL staining was seen in zones surrounding 
occasional blood vessels in normal control and MS white 
matter, and the cytoplasm of glial perikarya in these zones 
was often strongly LDL'*’. LDL in the zones does not appear to
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undergo oxidation in normal tissue as no increase in MDA2 or 
NA59 staining was seen around any blood vessels. In contrast, 
strong staining for LDL oxidized epitopes was seen in 
macrophages and astrocytes throughout active MS lesions. 
Oxidative processes appear to occur at a very early stage in 
the demyelinating process as intense MDA2 and NA59 staining 
was seen throughout Group 1 plaques.

4.4.2 Presence of low densitv lipoprotein in other 
neurological disease tissue and inflammatory lesions of 
experimental allergic encephalomyelitis

The relationship between oxidative damage and Parkinson's 
and Alzheimer's diseases has been postulated recently. It is 
possible that iron-dependent radical reactions contribute to 
cell damage in patients with these diseases (Evans, 1993). 
Drugs with metal ion-binding capacity which may be capable of 
transporting metal ions into and out of the brain have been 
used as treatments for Parkinson's disease (DOPA or 
chlorpromazine) and Alzheimer's disease (desferrioxamine) 
(Halliwell, 1992; Evans, 1993). Our results showed that 
adducts of oxidized-LDL were present in microglia and 
astrocytes in the lesions, providing evidence of an increase 
in BBB damage and lipid peroxidation in the CNS tissue of 
these two diseases. It is not surprising to find MDA2* cells 
in the tissue from SSPE case where the brain contained 
histological evidence of active inflammation and 
demyelination. Large amounts of plasma LDL in the cerebral 
infarcts may be oxidized in situ and phagocytosed by
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macrophages as shown by our observations. Compared with 
active MS plaques, the number of MDA2+ or NA59'*’ cells were 
relatively small in the OND group. However, the answer to the 
question " does any such secondary LDL oxidization and uptake 
by phagocytes contribute significantly to the disease 
pathogenesis" is also unclear as yet.

Since there is BBB damage during acute EAE, it is 
possible that macrophages at these sites take up LDL by 
receptor-mediated endocytosis. This hypothesis is supported 
by our results that in acute EAE lesions, as there was 
localized accumulation of LDL products in the parenchyma and 
within microglia and perivascular macrophages. However, 
increased staining for oxidized LDL antibodies in these 
lesions was uncertain as these immunostaining could not be 
abolished by incubation with MDA-LDL, MDA-albumin, MDA- 
transferrin or Cu’̂‘''-LDL, respectively. It is possible that the 
MDA2 staining in inflammatory foci of EAE is not specific for 
oxidized LDL. On the other hand, a moderate oxidized 
modification of LDL may occur in the inflammatory foci of EAE 
but this modification does not reach the threshold of 
recognition either by macrophage scavenger receptors or by 
MDA2 antibody (Haberland et al., 1982; 1988).

4.4.3 Potential mechanisms by which oxidized low density 
lipoprotein mav play a role in pathogenesis of multiple 
sclerosis

Oxidized LDL has been reported to be chemotactic for 
circulating monocytes which is attributable in part to the
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lysolecithin generated during the oxidation of LDL. Using in 
situ hybridization, expression of monocyte chemotactic
protein-1 mRNA has been found in macrophage-derived foam cells 
isolated from ballooned aortas of cholesterol-fed rabbits 
(Witztum & Steinberg, 1991). Thus, as oxidized LDL 
accumulated in a localized region of the CNS it may recruit 
further monocytes into that same area. In turn, the further 
accumulation of monocytes and their differentiation into 
tissue macrophages, which can oxidize LDL, leads to a vicious 
cycle, generating ever more oxidized LDL and the macrophages 
responsible for LDL oxidation and uptake. In addition, 
oxidized LDL is cytotoxic to a variety of cells in culture 
(Witztum & Steinberg, 1991).

CNS myelin may be subjected to damage by reactive oxygen 
intermediates as myelin is a lipid-rich multilamellar
structure and the CNS tissue contains high levels of 
transition metals such as iron (Konat & Wiggins, 1985;
Halliwell, 1992). Activated microglia are likely to serve as 
a main source of superoxide secretion (Colton & Gilbert, 
1987) . There is some evidence for reactive oxygen metabolites 
being involved in the pathogenesis of MS. Increased levels of 
lipid peroxidation products in CSF and serum of patients with 
active progressive MS have been reported (Naidoo & Knapp, 
1992; Evans, 1993). On treatment of desferrioxamine, an iron 
chelator, for a period of three months, one third of patients 
with advanced MS showed significant clinical improvement 
(LeVine, 1992). Reactive oxygen metabolites in the 
demyelinating lesions may promote oxidation of LDL which
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appears to leak into the CNS during the early stage of lesion 
evolution. Through its profound effects on the ability of 
microglia and macrophages to produce various potent 
chemotactic factors, cytokines, and growth factors, the 
oxidized LDL may play an important role in the development and 
progression of MS plaques.

In summary, immunocytochemistry has been used to 
demonstrate the presence of LDL in actively demyelinating MS 
lesions and inflammatory foci of EAE. Our observations 
provide evidence for plasma LDL leakage into very early MS 
lesions and the border of established plaques, and the 
subsequent oxidation of LDL and possibly other molecules 
including myelin proteins by lipid peroxidation products. As 
BBB dcimage is thought to precede the onset of demyelination, 
LDL uptake and oxidation could activate microglia and 
macrophages which may then initiate or enhance early * myelin 
damage and phagocytosis. In contrast, although LDL leakage 
was observed in active EAE lesions no high level of LDL 
oxidization appears to occur. The results indicate that the 
leakage of plasma LDL is present in both MS and EAl] lesions, 
but localized accumulation of LDL oxidation products were only 
found in early demyelinating MS lesions, which may implicate 
a role in pathogenesis of MS.
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CHAPTER 5

M^VCROPHAGE POPULATIONS IN CEREBROSPINAL FLUID OF 
MULTIPLE SCLEROSIS PATIENTS IN RELATION TO LESION ACTIVITIES

5.1 INTRODUCTION

MS is an inflammatory demyelinating disease of the CNS 
in which large numbers of MNC enter the CSF and CNS 
parenchyma. So far, studies on the CSF from MS patients 
have been focused on the distribution of lymphocytes 
(Chofflon et al., 1989; Salonen et al., 1989) and it is not 
clear whether macrophages in the CSF of MS patients are 
restricted populations, and if so, whether such populations 
could be of clinical value as representing the immune status 
of the CNS.

As the CSF is in very close proximity to the CNS, 
cellular assays on monocytes and macrophages from the CSF of 
MS patients may reflect the immunopathology of demyelination 
(Brooks et al., 1980). In order to examine this hypothesis, 
populations of phagocytes in the CSF compartment were 
immunocytochemically analysed in conjunction with CNS 
lesions, leptomeninges, choroid plexus and peripheral blood 
from the same postmortem cases of MS and normal controls. 
In order to study differentiation of macrophages in CSF and 
CNS tissue, a family of antibodies detecting vitro-
defined monocyte and macrophage antigens was used. 27E10 is 
a marker for an early stage of differentiation of 
macrophages as it reacts with an antigen expressed early
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during differentiation of monocytes to macrophages in tissue 
culture (Zwadlo et al., 1986); RM3/1 binds to an antigen
expressed by monocytes upon cultivation between days 2 and 3 
(Zwadlo et al., 1987), whilst 25F9 reacts with a 
differentiation antigen expressed on days 4-13 and 
preferentially expressed on mature macrophages (Zwadlo et 
al., 1985). To assess postmortem stability, CSF samples 
from living patients with MS and OND controls were also 
examined. Because of technical difficulties resulting from 
the small numbers of cells obtainable from CSF, a 
reproducible and rapid technique for the preparation of CSF 
cells was developed. The results show that changes in the 
proportion of macrophage populations in MS CSF are 
associated with those seen in active lesions, but these 
changes may not be specific for MS.

5.2 MATERIALS AND METHODS

5.2.1 Subjects

Ten postmortem cases diagnosed clinically as MS and 
subsequently confirmed by histology were included in this 
study. Their average age was 51 y (range 29-73), clinical 
disease duration 20 y (range 8-50) and interval between 
death and tissue snap-freezing was 22 hr (range 14-34). 
Samples were also obtained from three control cases without 
neurological disease with an average age of 52 y (range 44- 
60) and an interval between death and snap-freezing of 62 hr 
(range 9-72). The spinal fluid was taken by pathologists or
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morticians during the postmortem, whilst the ventricular fluid 
was aspirated from the lateral ventricles by Dr. J. Newcombe 
prior to dissection of the brain. A total of 36 blocks of CNS 
tissue, choroid plexus and leptomeninges from these MS and 
control cases were dissected and sections were cut at Qpim 

thickness and stained with the same panel of antibodies used 
for examining the CSF cells.

Lumber puncture samples from six living patients with the 
relapsing-remitting or secondary progressive form of MS were 
included in this study. All the CSF samples had oligoclonal 
bands and elevated IgG as indications of intrathecal antibody 
synthesis, and MRI scan data indicating white matter lesions 
in the brain. The patients were all in a remission phase for 
at least 2 months and had received no steroids therapy for 6 
months and no immunosuppressive drugs for 1 year prior to the 
time of blood drawing and lumbar puncture. The age range for 
these MS patients was 30 to 40 y (mean 36 y) . The control 
population consisted of 6 subjects (30 to 51 y , mean 42 y) 
with the following disorders: meningitis (1 subject), glioma 
(1 subject), Guillain-Barre syndrome (2 subjects), 
hydrocephalus (1 subject) and meningioma (1 subject).

5.2.2 Sampling
Cells from CSF and venous blood samples of postmortem 

cases were separated by Lymphoprep (Nycomed Ltd.) gradient 
centrifugation and resuspended in PBS (see section 2.2.5.2). 
Of living patients with MS or OND, CSF samples obtained within 
1-3 hr after the lumbar puncture (by Dr. M. Lai at the
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National Hospital for Neurology and Neurosurgery) were 
centrifuged and cell pellets were resuspended in PBS. 
Peripheral blood MNC of these patients were isolated from 
heparinized venous blood by means of centrifugation on a 
Lymphoprep density gradient and resuspended in PBS. All 
samples of blood and CSF were processed simultaneously. 
Viability of blood and CSF cells was measured by 0.1% eosin 
exclusion.

5.2.3 Cell snap-freezing
Cells from the CSF and peripheral blood were snap-frozen 

and cut by cryostat sectioning for phenotyping. For snap- 
freezing, cells in a final volume of 0.1 to 0.5ml of PBS were 
transferred to 0.9cm diameter plastic containers which consist 
of bubble tops cut from 3ml plastic pipettes (Labsystems, 
U.K.). To improve the quality of cryostat sections, one drop 
(about 0.1ml) of OCT (BDH) was added to the cell suspension, 
which was mixed and snap-frozen in iso-pentane (BDH) cooled in 
liquid nitrogen (BOC). Then the plastic container was quickly 
peeled off and the snap-frozen sample was freeze-mounted onto 
a cork disc (R.A. Lamb) using OCT compound and stored at - 
70°C.

5.2.4 Phenotyping and quantitation
Cryostat sections (25/im) were cut from snap-frozen cell 

preparations, stained with Wright-Giemsa stain (Sigma) or H & 
E for examining the morphology, number and distribution of 
cells, and with ORO for identifying cells with neutral lipids.
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They were then immunophenotyped with a panel of monoclonal and 
polyclonal antibodies (Table 2.6 and 5.1) using ABC techniques 
(see Section 2.2.4). Before addition of the first antibodies, 
sections were incubated with 0.3% (v/v) of HjOj in PBS for 30 
min to inhibit endogenous peroxidase activity.

A double-immunostaining technique was used to detect MBP- 
containing macrophages in CSF. EBMll was mixed with 
polyclonal antibody P7 (rabbit antiserum) and the second layer 
was a biotinylated anti-rabbit antibody (Vector Laboratories), 
followed by an anti-mouse IgG^ FITC conjugate (Serotec) mixed 
with rhodamine avidin D (Vector) (see Section 2.2.4.3). 
Lipid-containing macrophages were identified by combined ORO 
staining with immunofluorescent staining for EBMll using the 
technique described in Section 3.2.5.

A quantitative examination of the sections was made on a 
Leitz Dialux microscope. For each section of postmortem CSF 
or blood cells, at least 200 haematoxylin counterstained 
nuclei together with the total number of positively 
immunostained cells were counted to obtain the percentage of 
positive cells. For samples from living patients, 100 to 200 
cells per section were counted.

5.2.5 Cvtospins and smears
To compare the snap-freezing technique with cytospin and 

smear preparations, cytocentrifuge slides were prepared by 
spinning 10  ̂cells onto glass microscope slides which had been 
previously coated with gelatin (see Section 2.2.3.1). 
Briefly, 0.1ml of sample (10^ cells/ml) was added to each
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Table 5.1 Additional antibodies used for Chapter 5 studies

Antibody Molecule 
recognized 
(subclass)

Specificity Dilution Source/
reference

27E10 membrane cultured monocytes on
component days 1-4 ; acute
of MW inflammatory type of
17,000 KD macrophages; subset
(gGi) of monocytes

1:50 Serotec 
(Zwadlo et 
al., 1986)

RM3/1 not defined 
(IgGi)

cultured monocytes on 
days 2-3; macrophages 
in the healing phase 
of the inflammation

1:50 Serotec 
(Zwadlo et 
al., 1987)

25F9 membrane 
component 
of MW 
86,000 KD 
(IgGi)

cultured monocytes on 
days 4-13; mature and 
fixed tissue 
macrophages

1:100 Serotec 
(Zwadlo et 
al., 1985)

P7 rabbit
antiserum

MBP epitope l-8c 1:250 Dr. N. 
Groome, 
Oxford
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cytocentrifuge cup and centrifuged at 1000 rpm for 5 min. 
Blood smears were prepared on gelatin-coated slides. Air- 
dried cytospins and smears were stored at -20®C prior to 
staining.

5.2.6 Simulated cerebrospinal fluid
To examine the effect of postmortem delay, temperature 

and blood contamination on expression of macrophage antigens 
in CSF, simulated CSF was prepared by adding MNC to pooled 
normal cell-free CSF specimens or to PBS (Yam et al., 1987). 
The cell count of the simulated CSF was adjusted to 3 X 10^ 
cells/ml which was then incubated in 10 mm conical based tubes 
with or without MNC-free blood in a 37°C water bath or at 4®C 
for 1, 2, 5 and 18 hr. At each incubation time point,
viability and numbers of MNC were measured by 0.1% eosin dye 
exclusion in a haemocytometer and the cells were then 
centrifuged, resuspended in 0.2ml of PBS plus one drop of OCT 
and snap-frozen. Cryostat sections (lO^m) were cut from these 
samples, then immunocytochemically stained with macrophage 
differentiation markers.

5.2.7 Statistical analysis
All data were evaluated statistically by paired student's 

t-test and correlation analysis. The level of significance 
was set to p < 0.05, and the level of remarkable significance 
was p < 0 .01.
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5.3 RESULTS

5.3.1 Technical factors in snap-freezing cells
Several factors strongly influenced the preparation of 

snap-frozen cell samples for evaluation. These included the 
cell concentration, the volume of sample to be snap-frozen and 
thickness of the cryostat sections. In CSF samples with 
leukocyte counts ranging from 0-5/mm^ or an average total cell 
count of 5 10  ̂cells, the best results were achieved by snap- 
freezing cells in 0.1ml of PBS and cutting sections at 25^m 
thickness. Usually, 100-250 cells were obtained for 
evaluation when 5 X 25jL/m thick sections were collected for one 
antibody staining. In a CSF sample with pleocytosis (an 
average total cell count of 10^-10® cells), 0.2 to 0.5ml of PBS 
was used for snap-freezing and there were 800-1000 cells on 
one section at lO^m thickness (Table 5.2).

There was no effect of section thicknesses on the 
proportion of positive cells or staining intensity of 
immunocytochemistry. However, a positive linear relationship 
of staining intensity and proportion of positive cells for 
ACPase and NSE histochemistry was found from lOjLim up to 25^m 
thickness. Cells in lO^m thick sections may not contain 
sufficient amount of enzyme to be detected by histochemical 
staining and therefore enzyme reactions were made on cryostat 
sections of 25^m thickness.
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Table 5.2 Quantitative analysis of the number of cells per 
section at different thickness from varying volumes of 
samples.

Total cell 
number^

Volume for 
snap-freezing

No. of cells/section

10pm* 25pm

10^ 100pl° 11 ± 8^ 2S ± 21
200pl 9 ± 3 8 ± 10
SOOpl 3 ± 2 4 ± 4

105 lOOpl ISO ± 11 144 ± 111
200pl 23 ± 12 48 ± 36
SOOpl 13 ± 10 14 ± 14

10* SOOpl 912 ± 1S2 Not determined

 ̂MNCs separated from the peripheral blood of healthy controls 
were suspended in PBS.
 ̂Thickness of cryostat sections.
° Plus one drop of OCT (about 0.1ml) to improve the quality of 
cryostat sections.

 ̂± Standard deviation of three experiments. All samples were 
assayed in duplicate.
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5.3.2 Comparison of three types of cell preparations

5.3.2.1 Cell recovery
The recovery of lymphocytes and monocytes after 

Lymphoprep separation was studied on peripheral blood samples 
from 2 donors (Table 5.3). In MNC separated from 5ml of 
blood, an average of 1.7 X 10® lymphocytes and 9.6 X 10* 
monocytes per ml of blood were recovered, representing 
approximately 65% of the original total lymphocytes and 24% of 
the original total monocytes in the whole blood.

Compared with the whole blood, percentages of EBMll'*’ 
monocytes and CD2+ T lymphocytes among total MNC were 
increased after Lymphoprep separation (40% and 11% versus. 63% 
and 18%, respectively), but the ratio of these two populations 
remained similar in the whole blood as in MNC (1 : 3.6 versus 
1 : 3.5; Table 5.3). The cell recovery in cryostat sections 
or cytospins was also evaluated. For snap-freezing a lOOpl 
ssimple with 10^ cells into a 0.9mm diameter and 1mm high block 
in a bubble top cut from 3ml plastic pipette, a total of 40 
cryostat sections at 25pm thickness were obtained and there 
were an average of 1200 ± 650 cells/block recovered, which 
represented about 12% (range 6-19%) of the original total 
cells. In comparison to snap-freezing technique, the whole 
sample of 10^ cells/lOOpl was used to prepared one cytospin 
section and the average cell recovery was 4% (range 1-7%) of 
the original total cells. Using samples with the same cell 
concentration, we could analyze at least 8 times (collecting 
5 sections at 25pm thickness for one marker) more surface
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Table 5.3
A) Recovery of lymphocytes and monocytes after Lymphoprep 
separation from the whole blood

n = 2
Number of cells/mm^^ Recovery %

lymphocytes monocytes lymphocytes monocytes

Whole blood 
(5ml)

MNC after 
Lymphoprep

2600

1700

400

96 65 24

B) Differential cell count and immunocytochemical staining on 
cells from whole blood and MNC after Lvmphoprep separation.

Differential counting^ 
%

Immunocytochemistry®
%

n = 2
lymphocytes monocytes T lymphocytes monocytes

(CD2+) (EBM11+)

Whole blood 
smear 42

MNC after Lymphoprep
cytospin 65
cryostat ND
sections

15
ND

40

63
62

11

18
18

 ̂Blood cells were counted on a cell counting machine (Coulter 
Maxm) by Nigel Llewellyn-Smith at the Haematology Laboratory, 
Institute of Neurology, London.
 ̂Differential cell counting was carried out on Wright-Giemsa 
stained cell preparations.
 ̂ABC technique.
ND: not determined.
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Table 5.4 Recovery of MNC with the snap-freezing and cytospin 
techniques.

Methods No. of MNC No. of
assays added sections

Cells Recovery
recovered (%)

Snap-
freezing 10,000 40' 1200 ± 650^ 12

Cytospin 10,000 400 ± 263

 ̂ Cryostat sections at 25pm thickness obtained from a lOOpl 
sample snap-frozen into a 1mm high and 0.9mm diameter block.
 ̂± Standard deviation.
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markers with snap-freezing method than with the cytospin 
technique (Table 5.4).

5.3.2.2 Morphology
Cells prepared by the snap-freezing technique had fairly 

well-defined nuclei and cytoplasmic structures, whilst altered 
cellular morphology was observed after cytocentrifugation 
(1000 rpm for 5 min). A well-preserved cellular morphology 
was seen in blood smears (Figs 5.1a,b,c).

5.3.2.3 Immunocvtochemical and histochemical staining
To compare immunocytochemical results on MNC prepared by 

the three techniques, MNC separated from blood samples of 3 
postmortem MS cases were resuspended in PBS and prepared by 
the snap-freezing, cytospin or smear methods simultaneously. 
Immunocytochemically stained cryostat cell sections, cytospins 
and smears were evaluated at the number of cells present, the 
distribution (peripheral or central; sparse or crowded), 
morphological preservation and number of reactive cells (% of 
total counted cells).

To study the effect of different media on snap-frozen 
cells, MNC were also snap-frozen in BBSS, BBSS supplemented 
with 20% FCS or FCS only. All three cell preparations were 
similar in the proportion of BBM11+, 25F9+, RM3/1"^ and 27B10+ 
macrophages (Table 5.5), with readily identifiable reaction 
product and negligible background staining. Upon snap- 
freezing in different media, there was no marked difference in 
the percentage of positive cells for MAbs BBMll, 25F9, RM3/1
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Table 5.5 Comparison of cytomorphology and proportion of 
positive cells analyzed by immunocytochemistry and 
histochemistry on three cell preparations of postmortem blood 
samples (n=3).

Snap-freezing Cytospin Smear

PBS EBSS DMEM+ 
20% FCS

FCS PBS PBS

Morphology* ++ ++ ++ +++ ++ +++
EBM11+ 16*=* 14 16 26 14 13
25F9+ 3 4 1 2 1 3
RM3/1+ 7 2 5 4 8 2
Ber-MAC3+ 2 8 6 9 7 2

ACPase* 6 6 5 10 7 8
NSE* 15 13 15 20 13 12

* Preservation of 
(good).

cell structure scored + (poor) to +++

 ̂Mean percentage of positive cells among total blood MNCs.
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Fig 5.1. Cytomorphology of MNC prepared by three techniques. 
a-c: Wright-Giemsa staining of MNC from blood sample of a 
normal donor; X1880. a: MNC in a 25jum thick cryostat section 
prepared by the snap-freezing technique, b) MNC in a cytospin 
prepared by cytocentrifugation at 1,000 rpm for 5 min. c) MNC 
in a blood smear, d) H & E stain, X1880. A macrophage with 
cytoplasm vacuoles from the spinal CSF of postmortem MS case 
380 (death-freezing time 24 hr) showing cytomorphological 
alteration of postmortem CSF cells.

%
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and 27E10 MNC although it was noticed that cells snap-frozen 
in FCS had an elevated expression of EBMll with a moderate 
background staining.

Using procedures supplied with the ACPase and NSE kits 
(Sigma; see Chapter 3), expression of ACPase and NSE 
activities was examined in snap-frozen MNC cryostat sections 
(25pm) and compared with those in cells prepared by cytospins 
and smears. Moderate ACPase or NSE activities were exhibited 
in a proportion of MNC on cryostat sections, whilst the MNC 
prepared by cytospins and smears showed moderate to strong 
enzyme activities. There was no significant difference in the 
proportion of enzyme'*’ cells among three preparations or in the 
different media (Table 5.5).

5.3.2.4 Effect of protein concentrations on cell preparations 
The effect of protein concentrations on snap-freezing or 

cytospin preparations was examined on MNC snap-frozen in PBS, 
PBS supplemented with 20% (v/v) of FCS and in undiluted FCS. 
Preservation of cells in all media by both techniques was 
adequate when the sections were stained with Wright-Giemsa 
stain, H&E, ORO, antibodies or substrates for NSE and ACPase. 
However, the FCS preparation gave the best cellular morphology 
though occasionally nonspecific immunostaining was seen.

5.3.3 Comparison of cytology between postmortem and in vivo 
cerebrospinal fluid

In the living patients with MS or OND, CSF cells obtained 
after lumbar puncture were between 96 and 100% viable. The
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mean MNC count for CSF from the MS group was 10 cells/mm^ 
(range, 3-26 cells/mm^); and 4 cells/mm^ (range, 1-10 
cells/mm?) for the OND patients. In 5 out of 6 MS patients a 
pleocytosis of 5-26 cells/mm^ was observed. In contrast, in 
postmortem CSF the number of cells as a whole increased 
shortly after death. The mean MNC count for postmortem MS 
cases was 38 cells/mm^ in the ventricular fluid (range, 3-90 
cells/mm^), 64 cells/mm^ in the spinal fluid (range, 9-110 
cells/mm^); for the postmortem normal control cases, 63 
cells/mm^ in the ventricular fluid (range, 39-150 cells/mm^), 
but no spinal fluid of control cases was available. The mean 
MNC viability was > 50% for both MS and control cases (Table 
5.6). On the basis of erythrocyte counts in the initial cell 
counting, the predicted contamination by circulating monocytes 
was less than 1% for the CSF from the MS or OND living 
patients, and was less than 5% for the CSF from the postmortem 
cases (Table 5.6). Postmortem CSF samples with more than 5% 
of monocyte contamination were excluded from this study.

Using a haemocytometer, a number of large round cells 
with phagocytic granules were observed in both spinal and 
ventricular CSF of MS or control cases. Numbers of phagocyte
like cells in postmortem ventricular CSF from both MS and 
control cases were not significantly correlated with 
postmortem delay (r = 0.49, p > 0.05) although there was a 
significant negative correlation between numbers of phagocyte
like cells and postmortem time in the spinal CSF (r = -0.67, 
p < 0.05). Cells lining the CSF space were also observed. An 
average of 43% and 30% of total cells with abundant cytoplasm
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Table 5.6 Cytologic findings in postmortem CSF and CSF in vivo of MS, OND 
and normal control cases

Postmortem CSF CSF in vivo

MS
ventricular
CSF

MS
spinal
CSF

Control
ventricular
CSF

MS
spinal
CSF

OND
spinal
CSF

No. of cases 10 10 3 6 6
Time (hr)* 24

(14-34)*»
14

(4-30)
41

(9-72)
<1 <3

Available
specimen
(ml)

4
(1-11)

8
(1-20)

1.7
(1-3)

4.5
(3-8)

11.5
(4-15)

Total cell 
count (mm̂ )

131
(6-377)

85
(10-202)

130
(69-257)

11
(3-25)

4
(0-10)

1) MNCs (%) 39
(24-50)

75
(54-90)

48
(28-58)

100 100

2) Phagocyte
like cells

(%) =

28
(23-46)

11
(8-15)

26
(25-36)

0 0

3) Epithélia 
(%)*

33
(17-40)

14
(0-31)

25
(16-36)

0 0

Contami nation 
by
circulating
monocytes
(%)*

4
(0.4-5)

0.9
(0-4)

4
(3-5)

0.4
(0-1)

0.5
(0-1)

Viabilitvf%)f
1) MNCs 63

(40-95)
77

(60-98)
63

(45-95)
100 99

(96-100)
2) Phagocyte
like cells

39
(20-76)

34
(10-61)

20
(12-30)

3) Epithélia 5
( 0-11)

7
(0-13)

5
(0-8)

‘ Time between samples being taken to snap-freezing.
 ̂ Results are means of scimples. Numbers in parentheses indicate range.
® In haemocytometer large round cells with phagocytic granules were 
counted as phagocyte-like cells.
 ̂ In haemacytometer, spindle- or oval-shaped cells with abundant cytoplasm 
and a cuboidal or round nucleus were counted as epithelial cells which may 
come from the cells lining the CSF space, including choroid plexus cells, 
ependymal cells and arachnoid cover cells.
® Based on erythrocyte counts on the CSF samples. CSF samples with more 
than 5% monocyte contamination were excluded from this study.
* 0.1% eosin exclusion.
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and a cuboidal or round nucleus in the MS and control 
ventricular CSF respectively appeared to be of choroid plexus 
or ependymal origin. In the MS spinal CSF there were about 
14% arachnoidal cells with oval nuclei, and the mean viability 
of the lining cells was 7% (Table 5.6). Cytomorphological 
alterations in postmortem CSF were noticed which included 
nucleus vacuoles and cytoplasm degeneration. In Wright-Giemsa 
or H & E histological staining a proportion of macrophages in 
the postmortem CSF were seen with a distinct cytoplasm with 
vacuoles and debris, an oval nucleus and exhibited 
pseudopodia-like extensions (Fig 3.Id). In contrast, in the 
CSF of living subjects, only a few cuboidal arachnoid 
epithelial cells were occasionally seen and there were no 
phagocyte-like cells in the CSF on Wright-Giemsa or H & E 
staining.

Using the neutral lipid staining agent ORO and two 
antibodies against synthetic MBP peptides (P7 and clone 12), 
a few macrophages with 0R0+ lipid droplets and MBP+ fragments 
were seen in a higher percentage of CSF samples from living 
patients with MS than OND group, but the difference was not 
significant. In the ventricular CSF of postmortem MS cases, 
the proportion of ORO+ cells was significantly elevated as 
compared with the control ventricular CSF and spinal CSF of MS 
cases (p < 0.05, student's t-test). Approximately 40% of the 
total cells in the ventricular and spinal CSF of postmortem MS 
and 30% in the postmortem control ventricular CSF were MBR"*", 
and the difference was not significant (Table 5.7). Using ORO 
or MBP staining combined with immunofluorescent staining for
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EBMll, 60 to 80% of 0R0+ cells and 60 to 70% of MBP'*’ cells were 
EBMll'*' macrophages. The 0R0+/EBM11" or MBP*/EBM11~ cells with 
abundant cytoplasm and a cuboidal or round nucleus appeared 
like choroidal or subarachnoid epithelial cells. There was a 
positive correlation between the percentage of ORO'*'/EBMll'*' 
macrophages in the ventricular CSF and numbers of 
demyelinating plaques in the brain from the same cases (r = 
0.72, p < 0.05), but there was no significant correlation 
between ORO'*' cells in spinal MS CSF with the number of active 
MS lesions (Fig 5.2).

5.3.4 Comparison of proportions of macrophage populations in 
cerebrospinal fluid from postmortem and living subjects
5.3.4.1 EBMll

In the spinal CSF of living patients with MS or OND, the 
average proportion of EBMll* cells was about 13% of the total 
cells, which was lower than that in the paired peripheral 
blood samples (an average of 20% of total MNC). However, in 
postmortem cases of MS as well as normal controls, EBMll* 
macrophages formed an average of 48-53% of total cells both in 
the ventricular and spinal CSF, compared with 21-31% of EBMll* 
monocytes among total blood MNC (Table 5.7).

5.3.4.2 27E10
The MAb 27E10 reacts with an antigen expressed early (day 

1-4) during differentiation of monocytes to macrophages in 
tissue culture (Zwadlo et al., 1986). In the ventricular and 
spinal CSF samples from postmortem MS cases, the 27E10 antigen
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Fia 5,2. Correlation between percentage of PRO'*' macrophages in
postmortem CSF with PRO* active plaques in the CNS (paired
values!. A: Significant positive correlation between
percentage of 0R0+ EBM11+ macrophages in the postmortem
ventricular CSF and numbers of active plaques in the brain (r 
= 0.72, p < 0.05); B; no significant correlation between
percentage of ORO'*' EBMll'*' macrophages in the spinal CSF and 
numbers of active plaques in the CNS.

r = 0.72  
p < 0.05II
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Table 5.7 Immunocytochemical and lipid staining on sections of snap-frozen 
cells of postmortem CSF and blood, and iji vivo CSF and blood . At least 200 
cells for postmortem samples and 100 cells for in vivo samples were 
counted. Results are expressed as mean percent positive cells ± standard 
error of the mean in peripheral blood (PB), ventricular CSF (V-CSF) and 
spinal CSF (S-CSF).

Subset Compartment Postmortem samples Samples from living subjects

Control
(n=3)

MS
(n=10)

Normal
(n=10)

MS
(n=6)

OND
(n=6)

EBM11+
PB 31 ± 15 21 ± 3 18 ± 4 19 ± 2 21 ± 7
V-CSF 53 ± 12 52 ± 2 NA NA NA
S-CSF NA 48 ± 3 NA 13 ± 1 14 ± 1

27E10+
PB 31 ± 16 21 ± 11 8 ± 3 11 ± 6 11 ± 6
V-CSF 1 ± 0.2** 9 ± 3 NA NA NA
S-CSF NA 4 ± 1* NA 2 ± 1* 111*

RM3/1+
PB 7 ± 2 9 ± 3 2 ± 1 1 ± 1 3 ± 2
V-CSF 37 ± 20** 38 ± 5** NA NA NA
S-CSF NA 37 ± 6** NA 9 ± 4* 8 13

Ber-MAC3+
PB 12 ± 5 9 ± 2 0 0.3±0.2 1 10.6
V-CSF 35 ± 14* 43 ± 7** NA NA NA
S-CSF NA 37 ± 6** NA 3 ± 1 4 12

25F9+
PB 3 ± 2 3 ± 3 0 0.110.2 0
V-CSF 32 ± 5** 41 ± 4** NA NA NA
S-CSF NA 26 ± 5* NA 10 ± 5* 11 1 4*

HLA-DQ+
PB 11 ± 10 15 ± 4 4 ± 1 7 ± 2 7 14
V-CSF 54 ± 8 57 ± 8 NA NA NA
S-CSF NA 38 ± 7 NA 10 ± 4 9 1 6

P7+
V-CSF 35 ± 12 39 ± 3 NA NA NA
S-CSF NA 27 ± 5 NA 6 ± 3 2 12

Clone 12+
V-CSF 16 ± 11 36 ± 9 NA ND ND
S-CSF NA 22 ± 6 NA ND ND

0R0+
V-CSF 5 ± 1 20 ± 5*“ NA NA NA
S-CSF NA 3 ± l*b NA 2 ± 2 0

CD2+
PB 57 ± 5 63 ± 7 58 ± 6 61 ± 5 65 1 6
V-CSF 6 ± 3** 14 ± 3 NA NA NA
S-CSF NA 32 ± 7 NA 65 ± 6 53 1 5

* p < 0.05; ** p < 0.01 (paired Student's t-test), as compared CSF with 
blood. NA; not available; ND; not determined.
“ control V-CSF versus MS V-CSF.
** MS S-CSF versus paired V-CSF.



202
was found to be expressed by 9 ± 3% and 4 ± 1% macrophages and 
monocytes among total CSF cells, in comparison to the blood 
for which the mean percentage was 21 ± 11%. In the spinal CSF 
of living patients with MS, the mean percentage of 27E10* 
cells among spinal CSF cells was 1 ± 1% as compared to 11 ± 6% 
among blood MNC (p < 0.05). In every instance there were 
lower percentages of 27E10+ in the CSF than in peripheral 
blood. As compared CSF of postmortem cases with living 
subjects, the percentage of 27E10+ cells among total EBMll* 
macrophages in postmortem ventricular and spinal CSF (17% and 
8%) was similar to that in the spinal CSF of living MS 
patients (an average of 15%; Fig 5.3). In the OND CSF 
samples, the pattern of 27E10* cell distribution was similar 
to that of the MS patients (Table 5.7).

5.3.4.3 RM3/1
RM3/1 antigen is maximumly expressed by monocytes upon 

cultivation between day 2 and 3 (Zwadlo et al., 1987). In the 
spinal and ventricular CSF of postmortem MS cases, 38 ± 5% and 
37 ± 6% RM3/1* cells among total CSF cells were positively 
stained and they were significantly higher than that in the 
peripheral blood (9 ± 4% among blood MNC). A similar pattern 
was also seen in control ventricular CSF compared with blood 
(Table 5.7). In the living patients with MS, 9 ± 3% RM3/1* 
cells among spinal CSF cells were found, which was about 9- 
fold higher than those in the paired peripheral blood (p < 
0.01, paired student's t-test; Table 5.7). On comparison of 
postmortem CSF and CSF in vivo. 74% and 77% of RM3/1* cells
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cunong total EBM11+ macrophages were seen in postmortem 
ventricular and spinal CSF, respectively, which were similar 
to 69% of RM3/1'*' cells in the CSF of living MS patients (Fig 
5.3) .

The average percentage of RM3/1''’ cells in the spinal CSF 
of OND group were 3 times higher than that in the peripheral 
blood and there was certain variability among these subjects. 
In some instances, the pattern was similar to that of the MS 
patients, whereas in those with hydrocephalus and meningitis 
there were no or few RM3/1'‘’ cells in the CSF.

5.3.4.4 25F9
MAb 25F9 reacts with a macrophage differentiation antigen 

expressed on cultured monocytes on days 4-13 (Zwadlo et al., 
1985). In the postmortem MS cases 25F9 antigen was expressed 
by a mean (± standard error of mean) percentage of 41 ± 4% of 
macrophages among ventricular CSF cells and 26 ± 5% in the 
spinal CSF versus 3 ± 3% 25F9+ cells among peripheral blood 
MNC (p < 0.01; paired student's t test). The expression of 
25F9 antigen on macrophages in the CSF of postmortem MS and 
control cases was not significantly different (Table 5.7). In 
the CSF samples from living MS patients, 15 ± 5% of
macrophages were 25F9+, whilst in the paired peripheral blood 
none or few 25F9+ cells were seen (p < 0.05, Table 5.7).

Comparison of macrophage phenotypes in the postmortem and 
in vivo CSF was made on the basis of the proportion of 
macrophage populations among total EBMll'*' macrophages, as 
postmortem CSF contained a proportion of lining cells which
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Fia 5.3. Comparison of the proportion of 27E10*. RM3/1^. Ber- 
MAC3^ and 25F9+ cells in postmortem CSF and blood with CSF and 
blood in vivo. Each point represents percentages of positive 
cells among total EBMll macrophages/monocytes. More 
macrophages in the postmortem CSF and CSF in vivo exhibited 
the phenotype of mature macrophages (25F9+, RMS/l"^, Ber-MAC3*) 
than monocytes in blood, but less macrophages in the CSF 
expressed 27E10.
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were rarely seen in the CSF in vivo. Among total EBMll* 
macrophages, 79% and 54% of 25F9* cells were observed in 
postmortem ventricular and spinal CSF, respectively, which 
were similar to that in the CSF of living subjects (79% among 
total EBMll* cells) (Fig 5.3).

A number of 25F9* macrophages were also observed in the 
CSF of the OND group although there was some variability among 
these subjects. In some instances the pattern was similar to 
that of the MS patients, whereas in those with hydrocephalus 
or meningitis there were no or few 25F9* cells in the CSF 
(Table 5.7).

5.3.4.5 Ber-MAC3 and HLA-DO
In the postmortem MS ventricular and spinal CSF samples 

we found a mean percentage of 43 ± 7% and 37 ± 6% Ber-MAC3* 
cells among CSF cells, respectively, which were significantly 
higher than those in the peripheral blood (9 ± 2% among
peripheral blood MNC; p < 0.01) (Table 5.7). In the living MS 
patients, a higher percentage of positive cells for Ber-MAC3 
antigen was observed in the CSF samples than in their blood 
samples (3 ± 1% versus 0.3 ± 0.2%), but the difference was not 
statistically significant (Table 5.7). On comparison of 
postmortem and in vivo CSF, the mean percentage of Ber-MAC3* 
cells among total EBMll* macrophages in postmortem ventricular 
and spinal CSF (74% and 77%, respectively) was higher than 
that in the CSF of living MS patients (23%; Fig 5.3).

A mean percentage of 57 ± 8% and 38 ± 7% HLA-DQ* cells 
among CSF cells was found in the ventricular and spinal CSF of
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postmortem MS cases respectively, versus 15 ± 4 %  among the 
peripheral blood MNC. In the living MS patients, DQ was 
expressed by 9 ± 6% cells among spinal CSF cells and 7 ± 4% 
cells among peripheral blood MNC. Since there may be a 
proportion of DQ'*’ lymphocytes in the CSF and blood samples, 
the difference in the percentages of DQ'*' cells among EBMll'*' 
macrophages was not compared between postmortem CSF and CSF of 
living subjects.

5.3.4.7 T cells
In postmortem MS cases the mean percentage of CD2+ T 

cells among ventricular CSF cells was lower than that in the 
spinal CSF (14 ± 3% versus 32 ± 7%), but higher than those in 
normal control ventricular CSF (6 ± 3%) (Table 5.7). In the 
living patients with MS, the mean proportion of CD2+ T cells 
among total spinal CSF cells (65 ± 6%) was similar to that in 
the peripheral blood (61 ± 5%), whilst in the OND group the 
percentage of CD2+ T cells among spinal CSF cells was lower 
than that in the blood (53 ± 5% versus 65 ± 6%; Table 5.7).

5.3.5 Distribution of macrophage populations in normal white 
matter, multiple sclerosis plaques, leptomeninges and choroid 
plexus

In normal control CNS tissue the MAb EBMll stained 
microglia, whilst in the MS plaque and periplaque, large 
numbers of EBMll'*' macrophages were observed (Table 5.8). 
Among total EBM11+ cells, MAb 25F9 stained about 37% of 
microglia in the normal control white matter but in active or
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chronic MS plaques 90 to 98% of macrophages were strongly 
25F9+ (Table 5.9; Figs 5.4a & b) . In the white matter 
adjacent to active MS lesions upregulation of 25F9 expression 
in reunified and reactivé forms of microglia was observed. In 
the leptomeninges Mab 25F9 stained a small number of 
macrophages (Table 5.8). Compared with EBMll staining, there 
were no or very few 25F9+ cells in the choroid plexus from 
both control and MS cases, and there was a cross reaction of 
25F9 on choroidal epithelial cells.

In the normal control white matter, MAb RM3/1 only 
stained a few macrophages in blood vessels and no microglia 
were positive (Fig 5.4c). In active MS lesions, about 60% of 
macrophages were positive for Mab RM3/1 (Fig 5.4d; Table 5.9), 
whilst microglia in the adjacent white matter were negative. 
In chronic plaques, a number of RM3/1"^ cells were seen in the 
parenchyma and blood vessels (Table 5.8). A proportion of 
RM3/1"^ cells (about 61% of total EBM11+ macrophages) were found 
in the choroid plexus, and most of them appeared to be HLA- 
DQ+. In the leptomeninges of MS and control cases about 56- 
82% of macrophages were RM3/1'*'. Double-staining experiments 
with MAb 25F9 showed that an average of 83% RM3/1^ cells were 
positive for 25F9 in active MS plaques. In the CSF samples 
from postmortem cases of MS and normal controls, however, only 
10 to 30% of macrophages expressed both 25F9 and RM3/1 
antigens.

In normal white matter or MS plaques, only a few 
monocyte-like cells in blood vessels were positive for Mab 
27E10 and no positive cells were seen in the parenchyma (Fig
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Fig 5.4. Immunoperoxidase staining of normal white matter and MS plagues 
with MAbs 25F9 and RM3/1. a & b: Staining on serial sections of normal 
periventricular white matter from control case 394 with 25F9 and RM3/1. 
X187. a: 25F9* microglia, b: No RM3/1'̂  microglia seen. Only RM3/1*
macrophage was seen in a blood vessel wall. Land mark blood vessel 
asterisked, c & e: Staining on serial sections of an active MS plague from 
the occipital lobe of MS case 400 showing (c) a large number of 25F9* 
macrophages, (d) RM3/1̂  macrophages and (e) few 27E10 cells. Land mark 
blood vessel asteristed. c-d, X187; e, X750. f: Recent cerebral infarct 
(star). A number of cells at the infarct border and adjacent white matter 
(W) are 27E10*. X187. No counterstaining.

7

w
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Table 5.8 Distribution of macrophage populations in MS plagues, normal 
control white matter, leptomeninges and choroid plexus.

No. of 
samples

No. of positive cells/HPF

27E10 RM3/1 Ber-
MAC3

25F9 EBMll

Control
white matter* 5 0 0.2 ±0.4 0 14 ± 4 38 ± 13
Active olaoue
centre 10 I ± 1̂ 23 ±10 22 ± 9 30 ±20 31 ±13
border 1 ± 1 31 ±17 34 ±11 44 ±20 48 ±21
Chronic olaaue
centre 5 0 2 ± 1 5 ± 4 9 ± 6 13 ± 7
border 0 5 ± 7 4 ± 4 24 ±14 28 ±14
Leotomeninaes
Control 3 0 23 ±21 15 ±10 6 ± 1 28 ±25
MS 4 1 ± 1 20 ±10 17 ± 7 5 ± 3 36 ±19
Choroid Plexus
Control 3 0 17 ± 9 18 ± 7 2 ± 1 30 ± 4
MS 4 1 ± 1 27 ±11 22 ± 9 1 ± 1 44 ± 9

“ Tissue blocks examined were from the cases from which CSF samples were 
analyzed.
^ ± Standard deviation
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Table 5.9 Comparison of the proportion of macrophage 
populations among total EBM11+ monocytes/macrophages in 
postmortem peripheral blood, ventricular and spinal CSF, MS 
plaques and normal control white matter.

No. of 
samples

% of total EBMll'*' cells

27E10 RM3/1 Ber-MAC3 25F9

Blood
Control
MS
CSF
Control
ventricular
MS
ventricular
MS
spinal
CNS tissue^
Control 
white matter
MS AQ centre 
MS AQ border
MS CQ centre 
MS CQ border

3
7

3

10

10

10
10
5
5

82
89

17

16
20

70

74

83

62
65
15
18

16
20

66

74

77

49
48
27
25

7
7

60

71

54

37
95
92
69
86

 ̂ Tissue blocks were from the cases from which CSF samples 
were analyzed.
AQ: active plaques; CQ: chronic plaques.
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5.4e). However, large numbers of 27E10+ cells were observed 
in recent infarcts in the brain of two MS cases but no 
microglia were 27E10+ (Fig 5.4f). In the choroid plexus and 
leptomeninges, there were few 27E10+ cells in blood vessels 
(Table 5.8, 5.9) .

MAbs Ber-MAC3 and HLA-DQ stained activated macrophages in 
active MS plaques but did not react with microglia in normal 
white matter, as described in Chapter 2. Numerous Ber-MAC3+ 
macrophages were observed in the choroid plexus (about 50 to 
60% of EBMll'*' macrophages; Tables 5.8, 5.9) and most of them 
appeared to be HLA-DQ'*' and RM3/1'*' cells. In the leptomeninges 
about 47-53% of Ber-MAC3'*' cells among total EBMll'*' macrophages 
were observed in MS and control cases (Table 5.8).

5.3.6 Comparison of the proportion of macrophage populations 
between multiple sclerosis cerebrospinal fluid and plaque 
activities

Comparing the MS CSF and active plaques from individual 
case, elevated proportions of 25F9+, RM3/1'*' and Ber-MAC3*
macrophages were observed in both compartments. This 
similarity was more pronounced when the percentages of 25F9+, 
RM3/1'*' and Ber-MAC3+ cells among total EBMll'*' macrophages were 
compared (Table 5.9). In the postmortem CSF of MS cases with 
many chronic plaques but no or few ORO'*' plaques, the 
percentages of 25F9+, RM3/1'*' and Ber-MAC3* cells were usually 
lower than those in the CSF from cases with large numbers of 
active lesions (numbers of ORO'*' lesions in brain and spinal 
cord >10 per case; Table 5.10), but the differences were not
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Table 5.10 Number of active MS plaques in brain and spinal 
cord versus percentage of macrophage populations in the 
ventricular and spinal CSF of postmortem MS cases

No. of active 
plaques in 
brain & cord 
per case

No. of 
cases

CSF % of EBM11+ cells*

25F9+ RM3/1+ Ber-MAC3+

>40 2 63 84 88
(40-50)b S 59 87 91

>20 3 V 57 61 57
(26-29) S 50 87 84

>10 2 V 79 90 83
(10-18) S 49 95 91

<7 3 V 49 65 52
(0-7) S 27 33 32

 ̂Results are expressed as percentage of positive cells among 
total EBM11+ macrophages.
 ̂Range

 ̂V: ventricular CSF; S : spinal CSF.
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significant. The elevation of macrophage populations present 
in MS CSF was not specific for the disease as there was no 
significant difference in the proportion of CSF macrophage 
populations between MS patients and normal controls.

5.3.7 Effect of time, temperature and blood contamination on 
expression of macrophage differentiation antigens in the 
cerebrospinal fluid

There was no significant correlation between the 
proportions of 25F9+, Ber-MAC3+ or 27E10+ cells and death- 
freezing time in the ventricular or spinal CSF from MS and 
control cases, but a significant negative correlation was 
observed between the proportion of Ber-MAC3+ cells in the 
ventricular CSF and death-freezing time (Fig 5.5a). The 
maximum expression of macrophage differentiation antigens in 
the ventricular or spinal CSF was at 14 hr after death (Fig 
5.5b).

As postmortem CSF samples contained varying numbers of 
erythrocytes, the effect of blood contamination on macrophage 
phenotypic changes were examined using simulated CSF and PBS. 
After 2 and 18 hr of incubation at 37®C, monocytes showed 
only small increase in expression of 27E10, RM3/1 and 25F9 as 
well as Ber-MAC3 antigens (Table 5.11). However, stimulation 
with 10^1 of MNC-free blood/ml produced a similar pattern with 
an increase in all the expression of the macrophage 
differentiation markers in both simulated CSF and PBS (Table 
5.11). Cells kept at 4°C for 2 or 18 hr did not show changes 
in antigen expression, but a slight increase in the expression
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Fia 5.5. Correlation of the proportion of macrophage 
populations with death-freezing time. A: Changes in macrophage 
populations rapidly decreased after 14 hr-death-freezing time, 
as expressed by percentages of positive cells among EBMll* 
cells/hr of death-freezing time. B: The percentage of
macrophage populations among total EBMll* macrophages in 
postmortem ventricular CSF was not significantly correlated 
with death-freezing time with exception of Ber-MAC3* cells (o) 

(r = 0.91, p < 0.01).
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Table 5.11 Expression of macrophage differentiation antigens 
on monocytes in simulated CSF and PBS

% of positive cells
27E10 RM3/1 Ber-MAC3 25F9 EBMll

2 hr
CSF 6 ± 3 5 ± 2 4 ± 1 2 ± 1* 28 ± 5

(21) (18) (14) (7)b
CSF + RBC® 22 ± 8 9 ± 2 9 ± 1 6 ± 2 30 ± 3

(73) (30) (30) (20)
PBS 3 ± 2 2 + 1 3 ± 1 2 ± 1 23 ± 3

(13) (9) (13) (9)
PBS+ RBC 9 ± 2 6 ± 1 5 ± 1 8 + 2 30 ± 2

(30) (20) (17) (27)
18 Hr

CSF 7 ± 3 4 ± 2 5 ± 3 3 ± 1 23 ± 11
(30) (17) (22) (13)

CSF + RBC 46 ± 4 35 ± 11 30 ± 8 15 ± 2 54 ± 7
(85) (65) (56) (28)

PBS 14 ± 4 3 ± 1 3 ± 1 3 ± 1 18 ± 6
(78) (17) (17) (17)

PBS+ RBC 19 ± 5 21 ± 11 17 ± 5 8 ± 4 28 ± 8
(68) (75) (61) (29)

3 X 10^ MNC were added to 1ml of pooled human normal 
postmortem cell-free CSF or PBS and incubated at 37°C. The 
cell suspensions were snap-frozen, cut into lOjum sections and 
immunoperoxidase stained. At least 200 cells were counted in 
each section and calculated as % positive cells.
® Mean of three experiments ± standard error of the mean. All 
samples were assayed in duplicate.
 ̂Percentage of positive cells among total EBMll'*’ cells.
® 10^1 of MNC-free blood (RBC) were added to 1ml of pooled 
human postmortem cell-free CSF or PBS.
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of macrophage markers was noticed when 10^1 blood/ml was 
added.

5.3.8 CEREBROSPINAL FLUID ASSAY
Isoelectric focusing of CSF was carried out in the

Special Pathology Laboratory at the Institute of Neurology. 
All spinal or ventricular CSF samples from postmortem and 
living patients with MS were abnormal as they contained 
increased amounts of IgG and had oligoclonal bands in the 
immunoglobulin region on electrophoresis. Information on OND 
CSF was limited because these were not sent for similar
analyses.

5.4 DISCUSSION

Macrophage phenotypes in the CSF were characterized using 
a family of antibodies detecting in vitro-defined monocyte and 
macrophage antigens by quantitative immunocytochemistry. A 
method has been developed to prepare CSF cells for cryostat 
sectioning to enable analysis of multiple markers on samples 
with low cell numbers. Macrophages in the CSF from either the 
subarachnoid space or ventricles of postmortem MS and normal 
control cases exhibited the phenotype of mature macrophages 
(25F9+, RMS/l"^ and Ber-MAC3+) to a greater extent than
monocytes in peripheral blood. A similar pattern was observed 
in living patients with MS or other neurological diseases. In 
postmortem MS cases, the number of lipid-laden macrophages in 
the ventricular CSF was significantly higher than in the
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subarachnoid space or the ventricles of normal controls. 
There was a positive correlation between the number of lipid
laden macrophages in the ventricles and the number of active 
plaques from the same cases, suggesting an association between 
the two compartments.

5.4.1 Snap-freezing technique for preparing cerebrospinal 
fluid cells

CSF cellular analysis has been of limited value due to 
hypocellularity of most CSF samples, and even using dual 
colour analysis or CSF smears surface marker analysis is 
limited (Moriarty et al., 1993). In this study,
immunophenotyping of CSF cells prepared for cryostat 
sectioning has been shown to be a technique which is 
compatible to cytospins and smears with respect of retention 
of cellular morphology but yields sufficient numbers of cells 
from low cell count samples to allow relatively large numbers 
of assays on individual CSF samples.

5.4.2 Diagnostic utility of postmortem cerebrospinal fluid 
There are multiple factors that may limit postmortem CSF

diagnostic utility, including the time between death to the 
body being placed at 4°C, the time between death to sample 
snap-freezing, and the presence of blood contamination. 
However, in this study a significant correlation between the 
proportions of macrophage populations and death-freezing time 
was found only in cells expressing the Ber-MAC3 antigen, which 
indicates that postmortem time does not significantly affect
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the expression of macrophage differentiation antigens in CSF. 
Furthermore, it would also be expected that the proportion of 
macrophages in the CSF of living MS subjects with a short time 
between sample taken to snap-freezing (< 1 hr) would be
significantly different from proportions of macrophages in 
postmortem CSF. Results in this study indicate that this does 
not occur although the total number of macrophages in 
postmortem CSF was increased. Blood contamination
significantly influences the expression of macrophage 
activation markers, as shown by our in vitro experiments. 
However, the contamination of postmortem CSF samples for this 
study was < 5% compared with < 1% in CSF of living subjects 
with MS, suggesting both samples were assayed on the 
relatively same basis.

5.4.2 Macrophages in the cerebrospinal fluid
Monocytes/macrophages are considered to be a normal 

component in human CSF and a leptomeningeal or haematogenous 
origin is assumed (Fishman, 1991). Estimates as to their 
proportionate number differ widely, obviously depending on the 
method of cell preparation and the cytological criteria 
applied. In a quantitative study of MNC populations in CSF 
from living MS patients, 24% of the MNC were found to be 
macrophages, while 76% were lymphocytes in which T lymphocytes 
comprised 36% (Coyle et al., 1980). Cytofluorimetric analysis 
has shown that in the CSF of living normal controls and 
patients with neurological diseases including MS, only a few 
cells display the physical features of blood monocytes, while
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a population of granular and large granular cells that is not 
normally present among peripheral blood MNC is found in the 
CSF. Since these cells were able to adhere to plastic and 
displayed surface markers of monocyte lineage they are 
macrophages (Salmaggi & Sandberg, 1993). This is in line with 
our results that large proportions of macrophages in the CSF 
of living patients with MS or OND were found to express mature 
or differentiated macrophage antigens which are mostly absent 
on monocytes in peripheral blood.

Postmortem CSF from subarachnoid spaces has been examined 
by a few qualitative studies (Oehmichen, 1976) but examination 
of postmortem CSF from ventricles has not been reported. In 
this study, we found a relative increase in the proportion of 
macrophages in postmortem CSF samples from subarachnoid spaces 
or ventricles, as compared with those in the CSF of living 
subjects. Other studies on postmortem spinal CSF also show 
that cytomorphological pictures develop which are not found 
with in vivo punctures, including increased numbers of 
macrophages and erythrocytes as well as degenerating cells 
(Oehmichen, 1976). The mechanism of the increase in the total 
postmortem CSF macrophage numbers is not clear. There may be 
a postmortem effect on the trafficing pattern and 
redistribution of phagocytes, as a number of dying cells were 
found in postmortem CSF and they may act as the chemotactic 
stimulus for monocyte recruitment. However, as there was a 
significant positive correlation between the number of 0R0+ 
phagocytes in the ventricular CSF and 0R0+ plaques in the 
brain, a proportion of these macrophages may be present in the
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CSF prior to death, followed by a further increase in 
macrophage numbers about the time of death. Monocytes or 
macrophages normally anchoring to the arachnoidal membrane 
(Guseo, 1976) may also contribute to the increased macrophage 
populations in postmortem CSF.

Very few 0R0+ EBMll'*’ macrophages were found in postmortem 
spinal CSF in contrast to numerous phagocytes in the 
ventricular CSF. This relative paucity of 0R0+ macrophages in 
the spinal fluid may relate to cell lysis or cell migration in 
the subarachnoid space through the vascular or lymphatic 
systems, particularly those lymph ducts joining the CSF spaces 
to the regional lymph nodes, or through the arachnoid villi 
(Oehmichen, 1976; Cserr & Knopf, 1992; Zhang et al., 1992). 
The difference in the number of 0R0+ phagocytes between the 
spinal and ventricular fluid further suggests the presence of 
phagocytic macrophages in the CSF prior to death.

5.4.3 Macrophage populations in choroid plexus and 
leptomeninges

Because of the anatomical situation of the choroid plexus 
and leptomeninges as a primary barrier between blood and CSF, 
macrophages in the choroid plexus and leptomeninges are 
ideally situated to modulate an inflammatory response to 
invading micro-organisms and may play a wide immunological 
role. In this study, we found that numerous macrophages in 
the choroid plexus and leptomeninges of postmortem MS and 
normal control cases expressed RM3/1, an antigen maximumly 
expressed by cultured monocytes on day 2 to 3, whilst none or
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few macrophages expressed differentiation antigens 27E10 (for 
inflammatory macrophages) and 25F9 (for resting mature 
macrophages). The RM3/1 antigen is reported to be expressed 
by a type of macrophages associated with down-regulation of 
inflammatory response as its expression on cultured monocytes 
is decreased by LPS and IFN 7 but is enhanced by dexamethasone 
(Zwadlo et al., 1987). The antigen recognized by MAb 27E10, 
on the other hand, is known to be up-regulated by LPS and IFN7 
(Zwadlo et al., 1986). It is possible that the abundance of 
RM3/1 positive macrophages with low expression of 27E10 
antigen in choroid plexus and leptomeninges is involved in the 
inhibition of specific immune responses, as suggested 
functions of RM3/1 positive cells in placenta (Zwadlo et al.,
1987). Our finding that these macrophages also expressed HLA 
class II-DQ further suggests that the cells with RM3/1 antigen 
expression have the property of antigen-specific suppression 
of the immune response (Salgame et al., 1991).

In contrast to high proportion of 25F9* macrophages in 
the CSF and MS plaques, macrophages in choroid plexus and 
leptomeninges rarely expressed 25F9 antigen, maybe because 
macrophages in choroid plexus and leptomeninges have the 
potential to fulfil an immunological role in reactions to 
foreign antigens that may gain access to them (Perry et al., 
1993). The presence of a small number of ORO'*’ or clone 12'*’ 
macrophages in the leptomeninges and choroid plexus of MS 
cases, occasionally seen in the control cases indicates 
phagocytic activity of these macrophages (Jordan & Thomas,
1988) .
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5.4.3 Cerebrospinal fluid macrophage populations in multiple 
sclerosis in relation to plague activities

The relationship of cellular ratios in the parenchyma and 
CSF of humans with MS has been investigated, but no data 
exists on the correlation of macrophage populations in the MS 
plaque and CSF. In a study on untreated exacerbating MS 
patients, T lymphocytes in CSF has been found to be elevated 
but IgG-Fc-receptor-bearing macrophages in CSF were not 
significantly changed, suggesting that the predominant cells 
trafficking in CSF during active MS exacerbations are T cells, 
not macrophages (Allen et al., 1976). The results of our 
study also show low percentage of macrophages and high 
percentage of T cells in the CSF of living subjects with 
relapsing and remitting or secondary progressive MS and their 
MRI scans showed a number of areas of demyelination. In 
addition, we found that these macrophages in the CSF highly 
expressed the type of mature macrophage markers. Such an 
increase in the expression of macrophage differentiation 
antigens was also found in the postmortem MS CSF as well as in 
active MS plaques.

Functions of macrophages expressing different stages of 
differentiation antigens such as 27E10, RM3/1 and 25F9 are not 
clear. Kinetic studies indicate that expression of 27E10 
antigen was seen first after 24 hr of contact eczema on a few 
infiltrating monocytes/macrophages, which increase in numbers 
after 72 hr, whilst RM3/1 macrophages increase during the 
healing phase of gingivitis and decrease during onset of 
inflammation, and 2 5F9 antibody only stains a few infiltrating
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macrophages in contact eczema (Zwadlo et al., 1985, 1986,
1987). In the active MS lesion, a large proportion of 
macrophages were observed to express both 25F9 and RM3/1 
antigens, whilst in the postmortem CSF and acute inflammatory 
tissues (Zwadlo et al., 1987) 25F9+ and RM3/1"^ macrophages are 
clearly two distinct populations. MS may be an autoimmune 
disease and might result from a number of environmental and 
genetic factors. Large numbers of macrophages expressing mid- 
or late-stage of differentiation and activation antigens in 
the active plaque and CSF might contribute to local autoimmune 
processes in both compartments of MS patients. On the other 
hand, the fact that there were only few 27E10+ cells in active 
MS plaques indicates that MS lesions have characteristics in 
common with chronic inflammation. Similar observations have 
also been made in the rheumatoid arthritis lesions where 
increases in 25F9+ and RMS/l"^ macrophages and decrease in 
27E10+ cells were found (Zwadlo et al., 1988). Further study 
is required to determine if the increase of noninflammatory 
macrophages is more common in autoimmune diseases.

In the CSF, macrophage differentiation may normally occur 
as the number of macrophages expressing mature macrophage 
antigens RM3/1 and 25F9 were increased whilst 27E10 expression 
was decreased in the CSF of postmortem and living subjects, 
compared with the high proportion of 27E10+ monocytes in 
peripheral blood. However, phagocytosis, activation and 
differentiation of CSF macrophages may be augmented by CSF- 
localized anti-myelin antibodies, enzymes or cytokines during 
MS as shown by our results that there was high proportion of
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lipid-containing and MBP-containing phagocytic macrophages in 
MS CSF. Activated macrophages can take part in the 
immunological process by presenting antigens on their surface 
and interact with lymphocytes in the CSF. Factors such as 
blood contamination and long duration between sample taken to 
being prepared may enhance expression of macrophage 
differentiation and activation antigens as demonstrated in the 
postmortem CSF samples in which relatively high proportion of 
differentiated macrophages was present in most samples 
compared with CSF in vivo. Our in vitro experiments also 
showed that the expression of EBMll, 25F9, RM3/1, Ber-MAC3 and 
27E10 antigens on monocytes in the simulated CSF was largely 
influenced by treatment with blood, incubation time and 
temperature.

The similarity in the composition of macrophage 
populations in the CSF of postmortem and living MS patients 
and the similarity in the proportion of macrophage phenotypes 
in the postmortem MS CSF and MS active plaques bear emphasis. 
However, the high expression of 25F9 and RM3/1 and low 
expression of 27E10 on macrophages in the MS CSF are not 
specific to the disease and were also observed in 4 out of 6 
OND patients, including Guillain-Barré syndrome, as well as in 
postmortem MS cases with chronic plaques and in normal control 
cases. The number of 0R0+ EBM11+ macrophages in the 
ventricular CSF may reflect the actual site of CNS pathology 
as there was a correlation between the proportion of 0R0+ 
phagocytes in ventricular CSF and the number of active plaques 
in the brain parenchyma, but its clinical value is limited
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because ventricular CSF is not commonly sampled in patients 
with MS. The results of our study demonstrate compartment- 
specific differences in the macrophage/monocyte populations 
between CSF and peripheral blood and indicate that macrophage 
activation and differentiations are present both in the CSF 
and active lesions but suggest that these changes may not be 
specific for MS.
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CHAPTER 6 

GENERAL DISCUSSION AND CONCLUSIONS

Ongoing myelin loss in MS is characterized by the focal 
accumulation of myelin-laden phagocytes around small venules 
generally in association with infiltrating lymphocytes^ 
plasma cells and monocytes. Electron microscopic
examination of the active lesion has confirmed that myelin
thinning in the presence of activated microglia and 
infiltrating macrophages is a major pattern of myelin 
destruction in MS (Prineas, 1985). One proposed mechanism 
for the induction of autoimmune disease is aberrant
expression of MHC class II antigens by organotypic cells
leading to presentation of autoantigens to T lymphocytes
(van Rooijen, 1992) . In MS, a putative autoimmune T cell- 
mediated disease, initiation and perpetuation of the
inflammatory process would require appropriate antigen 
presentation through major MHC products by
microglia/macrophages and co-recognition by T lymphocytes 
(Calder et al., 1989).

Although considerable attention has been paid to 
macrophages as effectors of demyelination in the MS plaque
(Prineas et al., 1984; Esiri & Reading, 1987; Cuzner et al.,
1988; Adams et al., 1989), the role of mononuclear phagocytes 
in the early stages of the evolution of MS lesions is still 
not clear. There has been less emphasis placed on the 
relationship between macrophage populations in plaques and 
those in the CSF. A  key question is whether
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microglia/macrophages are simply responding to the 
demyelination process and become activated in order to 
phagocytose the debris, or whether they exacerbate or even 
initiate the myelin degradation when they become activated.

To gain further insight into the role of mononuclear 
phagocytes at the onset of demyelination in MS, the 
following questions have been asked in the Thesis: 1) Do
specific subsets of mononuclear phagocytes populate MS 
lesions at different stages of plaque evolution and do these 
populations express markers reflecting their functional 
properties, including the potential for antigen 
presentation, phagocytosis of myelin and expression of 
lysosomal activity? 2) Is there a relationship between 
macrophage phenotypes in the CNS lesion and those in the 
CSF, and are such populations of diagnostic value if they 
represent the immune status of the CNS?

From these studies, the following findings were made:

1) Classification of active MS plaques has thrown light on 
the aetiopathogenesis of MS. Four active plaque types, 
ranging from very early to late are described according to 
degree of demyelination seen with anti-GC and ORO staining, 
and also with respect to immunological activation shown by 
expression of HLA molecules and macrophage differentiation 
and activation markers. Group 1 early MS plaques were 
identified as a hypercellular area about 3-8mm in diameter, 
with evenly distributed 0R0+ macrophages but no detectable 
GC"̂  myelin loss in the parenchyma. The categorisation of 
plac[ue tissue as either active or inactive is too simplistic
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in light of current knowledge on the immunological components 
present in MS lesions. A  description of plaque activity is 
essential for studies on the aetiopathogenesis of MS, as the 
earliest and most active plaques may contain the agent which 
initiates the demyelination process, whereas older plaques 
probably would not.

2) Heterogeneous population of mononuclear phagocytes in MS
' s

lesions at different stages of development. Until recently,
efforts to gain further information about the
differentiation and function of macrophages within MS
lesions were hindered by the lack of well-characterized 
surface markers. Heterogeneity of macrophages may be either 
the result of maturational stages through which all 
mononuclear phagocytes pass in a linear developmental 
pathway (van der Meer et al., 1985), or the result of 
activation by cytokines and other mediators which may
enhance or induce functional expression such as MHC 
molecules and the synthesis as well as secretion of
regulatory molecules by macrophages. The latter is often 
transient and may not be acquired via true differentiation 
events but it may be a property of all mononuclear 
phagocytes, such as the expression of MHC molecules (Stewart 
et al., 1985).

In the studies described in this thesis ten antibodies 
against monocyte and macrophage antigens have been used to 
analyse populations of mononuclear phagocytes in different 
stages of the evolution of MS lesions. Staining with the 
RFD7, RM3/1, and Ber-MAC3 antibodies, which are documented
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as markers of differentiated and/or activated macrophages 
(Poulter et al., 1986; Zwadlo et al., 1987; Backè et al., 
1991) were mostly seen in Group 2, 3 and 4 active plaques.
The observation that HLA-DQ was absent on resting microglia 
in white matter from normal control cases but was strongly 
expressed on macrophages in Group 1 early active plaques and 
on enlarged microglia around active MS>lesions suggests that 
HLA-DQ is a marker of activated microglia. HLA-DR was 
constitutively expressed by E B M l ( a  pan
microglia/macrophage marker, Esiri & McGee, 1986) microglia 
in normal white matter but were strongly expressed by 
activated microglia and macrophages in plaques of all four 
groups, which demonstrates the potential of microglia and 
macrophages to present antigens.

MAb 25F9 reacts with a late-stage differentiation 
antigen expressed on days 4-13 by cultured monocytes and 
preferentially expressed on mature, tissue-fixed macrophages 
(Zwadlo et al., 1985). In the white matter of normal 
control cases 25F9 stained a proportion of . ramified 
microglia but this antigen was strongly expressed by all 
EBMll^ macrophages in active MS plaques and by enlarged 
microglia around the lesions, suggesting an increased or de- 
novo expression of this macrophage marker molecule. 27E10, 
a marker for macrophages at an early stage of 
differentiation, reacts with an antigen expressed early 
(days 1-4) in the differentiation of monocytes into 
macrophages in culture (Zwadlo et al., 1986). 27E10+ cells
were rarely seen in MS plaques, suggesting the chronic 
inflammatory nature of the majority of MS lesions.
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3) Microglia activation occurs in the early stages of MS 
plaque evolution. One of the characteristics of ongoing 
demyelination in MS is the accumulation of lipid-laden 
macrophages in active lesions. However, little is known 
about the source of macrophages in the early stages of the 
evolution of MS plaques since activated microglia and 
haematogenous macrophages share common morphological 
characteristics and most cell surface antigens (Nakajima & 
Kohsaka, 1993). Analysis of macrophage phenotypes in early 
MS lesions is required in order to understand the role of 
various macrophages in the pathogenesis of demyelination. 
Using combined histochemistry and immunocytochemistry, 50% 
of phagocytes in Group 1 early active MS plaques were 
recognised as having originated from microglia as they were 
EBMll'*' and exhibited the microglial enzyme marker NDPase 
activity, while only 4-10% of phagocytes in the same lesion 
exhibited NSE activity, an enzyme marker for monocytes and 
macrophages. In contrast to Group 1, there were 30-80% of 
NSE+ EBM11+ phagocytes in Group 2, 3 and 4 active plaques. 
The results of this study support the view that the 
microglia represents an intrinsic network of immunoeffector 
cells which is primed at an early stage of CNS injury such 
as demyelination to participate in immune defence of the CNS 
(Gehrmann & Kreutzberg, 1994).

4) Myelin breakdown products are present within macrophages 
in the early stages of MS plaque development. Two neo
epitopes of MBP recognised by the antibodies clone 10 and
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P28 were found within phagocytes in active lesions. Though 
the presence of clone 10^ MBP peptides within phagocytic 
cells in MS plaques has been reported (Groom et al., 1987) 
the observation of P28 staining within macrophages in early 
active MS lesions is a novel contribution. The peptide 
recognized by P28 antibody is produced as the result of MBP 
cleavage at 73-74 (Glynn et al., 1987; Groome et al., 1988b) 
by a metalloproteinase activity identified in human CNS 
myelin (Chantry & Glynn, 1988b). The peptide recognized by 
the clone 10 antibody is generated by the action of 
cathepsin D which is enriched in activated macrophages 
(Groome et al., 1987). The analysis of sequence of myelin 
breakdown in various stages of MS plaque evolution may shed 
light on mechanisms of demyelination in MS.

5) Uptake of oxidised LDL and myelin contributes to the 
macrophage activation and foamy cell formation in MS 
lesions. It has always been assumed that cholesterol esters 
in macrophages in actively demyelinating MS plaques are 
derived solely from degradation of phagocytosed myelin 
(Prineas, 1985; Adams, 1989) . However, BBB damage in the 
early phases of plaque development may allow cholesterol- 
containing LDL to enter the lesion parenchyma. In this 
study we have demonstrated the co-localization of LDL or 
oxidized LDL and peptides of MBP within foamy macrophages in 
demyelinating MS plaques. The specificity of these
antibodies was demonstrated by the pre-incubation of 
antibodies against LDL or oxidized LDL with their specific
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antigens which completely abolished staining within
macrophages in MS lesions.

To date, evidence for the presence of oxidized LDL in 
tissues has been largely confined to atherosclerotic lesions 
(Witztum & Steinberg, 1991). The results presented in this 
thesis strongly suggest that uptake of both LDL and myelin 
contribute to cholesterol ester accumulation in these cells 
in active MS plaques. Because oxidised LDL is well known to 
have chemotactic and cytotoxic properties (Witztum & 
Steinberg, 1991), its presence in the early stages of 
demyelination suggest that it plays a role in the
immunopathogenesis of MS.

6) CSF macrophage phenotypes are distinct from monocyte 
populations in peripheral blood but similar to those in 
active lesions. So far, studies on the CSF from MS patients 
have been focused on the distribution of lymphocytes 
(Chofflon et al., 1989; Salonen et al., 1989) and it is not 
clear whether macrophages in the CSF of MS patients are 
restricted populations, and if so, whether such populations 
could be of clinical value as representing the immune status
of the CNS. The results in this study demonstrated that
macrophages in the CSF from either the subarachnoid space or 
ventricles of post-mortem MS and normal control cases 
exhibited the phenotype of mature macrophages to a greater 
extent than monocytes in blood. The observation that there 
was a positive correlation between numbers of lipid-laden 
macrophages in the ventricles and numbers of active plaques
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in the same cases suggests an association between the two 
compartments.

Discussion of mechanisms of Group 1 active plaque formation
Demyelinating diseases are broadly divisible into a 

primary group with axon sparing and a secondary group with 
axonal damage. MS is the commonest of the primary 
demyelinating diseases. The definition of Group 1 early 
active MS plaques as lesions containing 0R0+ macrophages 
without detectable myelin loss around these cells with 
immunocytochemistry is a novel contribution. However, the 
mechanisms of formation of Group 1 plaques are not clear. 
It appears that recent myelin breakdown occurred in Group 1 
active lesions as MBP peptides and 0R0+ myelin lipids are 
found together within macrophages. The expression of HLA-DQ 
and HLA-DR on macrophages in Group 1 active lesions 
demonstrates that these cells are activated and have the 
potential for antigen presentation.

One possibility is that the Group 1 plaque is in the 
process of remyelination, rather than being a very early 
demyelinating lesion. However, a lesion undergoing
remyelination usually has the macroscopic appearance of a 
pale halo or shadow (Prineas, 1985; Allen, 1991), which was 
not a characteristic of Group 1 lesions. Another 
possibility is that these Group 1 active lesions result from 
axonal (Wallerian) degeneration, and therefore the myelin 
fragmentation and phagocytosis by macrophages would be 
secondary to neuronal death and axonal degeneration (Weller, 
1985). Transection of axons results in Wallerian
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degeneration of the distal segment of the axon isolated from 
the cell body; the axon degenerates and this is followed by 
breakdown and degeneration of the myelin sheath. Although 
Wallerian degeneration differs greatly in the mechanisms 
that initiate myelin loss and in its pathology from MS, the 
biochemical findings are very similar to those seen in many 
demyelinating conditions (Norton & Cammer, 1984). Evidence 
of axonal degeneration includes irregularity of axon 
profiles in silver stained preparations (Weller, 1985) and 
chromatolysis of neuronal cell body is also an indication of 
axonal damage (Torvik, 197 6). In Group 1 lesions there were 
no obvious chromatolysis of neurons and axonal 
abnormalities, which were very similar to those seen in 
later MS lesions (personal communication from Dr. Jia 
Newcombe), indicating that axons in these early lesions are 
mostly spared. Axonal degeneration can also be examined 
under electron microscopy, but because Group 1 plaques are 
only recognised after ORO neutral lipid staining and 
immunocytochemical staining with GC, they have not been 
available for ultrastructural study.

The effects of demyelination on axonal conduction are 
well understood but this information has not been obtained 
from the study of MS (Matthews, 1991) . Although
pathological changes occurring in demyelinating plaques 
undoubtedly play a major role in the disordered function of 
the CNS in MS, the relationship between lesions and symptoms 
is unexpectedly complex. Many of the symptoms of MS can be 
explained in terms of the electrophysiological abnormalities 
of demyelinated axons, but there remain considerable
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difficulties in relating clinical features to the underlying 
lesions. It has long been known that MS plaques may be
found at autopsy in subjects who have apparently not
experienced any relevant symptoms (Matthews, 1991) . There 
are a number of reports of gross disparity between the site 
or extent of the lesions and absence of expected symptoms 
(Ghatak et al., 1974; Wisniewski et al., 1976). An 
explanation of these findings could be that the lesions are 
located in silent areas of the brain or they cause symptoms 
or signs not recognisable on routine neurological 
examination. It is also probable that lesions a few
millimetres in diameter in the cerebral white matter would 
not cause detectable clinical effects, as the relatively 
small number of fibres affected may be insufficient to 
result in neurological deficit (Matthews, 1991).

Discussion of the role of activated microglia and
macrophages in demyelination

Recent advances in immunology have emphasized the long
standing view that macrophages play a critical role in the 
immune system, both as regulators of homeostasis and as 
effector cells in inflammation (van Rooijen, 1992; Celada & 
Nathan, 1994). Earlier studies in this Laboratory indicated 
that in CNS tissue microglial cells are as the first cell 
type to respond to the pathological processes occurring in 
MS (Hayes et al., 1987) . In the work carried out in this 
Thesis, morphological and immunophenotypical changes were 
noted in foamy macrophages in Group 1 active plaques which 
appeared to contain very few infiltrating macrophages.
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Microglia in these lesions expressed high levels of HLA 
molecules and strong ACPase activity and may be in the 
process of activation. Studies have shown that within hours 
of a pathological event microglia become activated, change 
their morphology, express immunomo1ecu1es and receptors and 
acquire the capacity to present antigens (Kreutzberg, 1994). 
These responses occur in a graded and probably reversible 
fashion with the ultimate step being transformation into 
activated macrophages which express most macrophage 
differentiation markers (Kreutzberg, 1994). In our study, 
heterogeneity of mononuclear phagocytes was mostly seen in 
the later stages of the evolution of MS plaques, which is 
possibly due to differentiation of infiltrating monocytes or 
transformation of microglia into activated macrophages in 
these lesions. Upon activation, CNS mononuclear phagocytes 
may determine the nature and extent of the pathological 
insult in MS by antigen presentation, myelin degradation and 
secretion of a number of products, such as cytokines, 
reactive oxygen intermediates, neuro- and immuno-regulators, 
which may all influence the activity and survival of 
neuroglia and neurons in plaques (Banati et al., 1993; 
Nakajima & Kohsaka, 1993).

Discussion of the role of CSF macrophages in MS immune 
reactions

Recent studies have shown that perivascular and CSF 
macrophages could pass from the CNS to regional lymph nodes 
through lymphatic drainage of the CSF to simulate systemic 
immune reactions (Weller, 1994). In this study a number of
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lipid-laden macrophages were found in ventricular CSF and 
there was an association between these phagocytes and the 
stage of MS plaque development. These ventricular
phagocytes could play a significant role in the specificity 
of neuroimmunological reactions in MS if they drained away 
from the CNS into the cervical lymphatics (Kita et al.,
1993). Expression of mid- or late-stage differentiation 
markers by CSF macrophages from MS cases implicates that 
these macrophages are functionally competent to react with 
stimulants and to interact with other cell types including 
lymphocytes in the CSF. Although CSF macrophage phenotypes 
do not appear to be specific for MS, further investigation 
of CSF macrophage phenotypes combined with examination of 
other cell types such as T cells may provide information on 
the immunological status of MS lesions.

Discussion of the effect of BBB damage on microglial 
activation

The activation state of microglia may be affected by 
serum proteins (Perry et al., 1992) and thus it is possible 
that damage to the BBB alone results in the activation of 
microglia. In this study this was apparent from the 
presence of plasma LDL in conjunction with focal loss of 
endothelial ALPase activity in early active MS plaques. LDL 
can be oxidised by a free radical-driven lipid peroxidation 
process and the aldehyde products of lipid hydroperoxide 
breakdown are responsible for the modification of the LDL 
apoprotein (Esterbauer et al., 1993). Using MAbs directed 
against MDA-LDL and 4-HNE-LDL, we found LDL oxidation 
products within activated microglia and macrophages in MS
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lesions. This finding may be of significance in
demyelination as aldehyde-modified apo B protein has an 
altered affinity for macrophage receptors, causing it to be 
scavenged by microglia and macrophages in an uncontrolled 
manner with the development of foamy cells (Brown & 
Goldstein, 1983).

Molecules which induce microglial and macrophage 
activation have been identified by recent research. For 
instance, recombinant migration inhibitory factor (MIF) was 
found to augment macrophage expression of HLA-DR, IL-1J5, IL- 
6, TNFa, nitric oxide synthetase and the production of 
hydrogen peroxide (Celada & Nathan, 1994) . As these 
mediators are cytotoxic to myelin and chemotactic to blood 
mononuclear cells, their release by activated microglia and 
macrophages may initiate demyelination in the CNS 
(Opdenakker & Damme, 1994). Other factors that activate 
macrophages such as IFN-y are mediated through receptor 
binding and transcriptional regulation (Celada & Nathan,
1994) . Jj[i situ hybridization experiments have revealed 
strong expression of TGF-J51 mRNA in activated microglial 
cells, suggesting TGF-J31 might be an important factor 
involved in controlling the microglial response to ongoing 
brain pathology (Kiefer, 1994).

Conclusions

Observations on animal models such as EAE on mechanisms 
of demyelination indicate that T cells are activated by an 
antigen such as MBP and B cells may produce antibodies
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against myelin antigens. However, in Group 1 active plaques 
a paucity of infiltrating lymphocytes and monocytes was 
noted, raising questions about the role of lymphocytes in 
MS. A  previous study carried out by us has demonstrated 
that large numbers of lymphocytes are found in active 
plaques belonging to Groups 2 and 3, and a polyclonal TCR V»- 
Vp repertoire is present in active MS lesions in conjunction 
with increased expression of MHC class II-DR and -DQ 
molecules on macrophages (Wucherpfennig et al., 1992). This 
implies that in early MS plaques either a few lymphocytes 
are responsible for the initiation of the demyelination or 
the presence of infiltrating lymphocytes is only an 
epiphenomenon of CNS damage in M S . It appears that 
microglia have the potential to be activated in early active 
lesions, producing disease-promoting proteinases and 
cytokines (e.g. TNF-a, IL-1, IFN-y), leading to recruitment 
of large numbers of T cells to the demyelinating lesion.

The various morphological phenotypes and biological 
functions of mononuclear phagocytes may be relevant in the 
pathogenesis of immune-mediated diseases of the CNS such as 
MS. An important problem for our understanding of the 
functions of mononuclear phagocytes in the CNS is the 
identity of both the factors that maintain microglia in the 
normal CNS parenchyma in a resting state, which is seen as 
the lack of or low levels of expression of cytoplasmic and 
cell surface antigens, and also the factors that rapidly 
activate microglia in pathological conditions. Further 
study to gain information of how microglial proliferation 
and activation are regulated in vivo will contribute to our
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understanding of how immune reactions and repair can be 
manipulated in the CNS.
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